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PREFACE

& Lhe mtent ot this work, performed by Hughes Associates, Inc.. was to review available test data and
reeulations and standards related 1o foram agent performance. Based on this review, recommendations
are made tor appropriate specificaton  tor the Federal Aviation Administration (FAA) to adopt so that
adequate performance 18 achieved wh - cent Jded airports procure firefighting foam. The evaluation
rehied stricthy on existng test data: . testung was performed specitically for this evaluation. The data
mclude previously sapublished date of tests pertormed by George Geyer of the FAA, which was
presented at the International Contoerence on Jwiaoon Fire Protection, Interlaken, Switzerland. in
September 1987 The contributions of Mr, Gever, which also include much of the carlier, baseline data,
are recopnized.
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EXECUTIVE SUMMARY

Federal Aviation Administration (FAA) and National Fire Protection Association (NFPA) primary foam
agent requirements are based on the inherent philosophy that hydrocarbon fuel spill fires resulting from
survivable aircraft crashes must be rapidly controlled and extinguished. This time frame, measured in
seconds, includes notification, emergency response, and time to control/extinguish the fire. Success is
based on the ability to limit this total response/suppression time to less than the time required for safe

cvacuation, which is primarily a function of the time to fuselage burnthrough when the crash airplanc
is intact,

Through large-scale testing and estimates of potential spill sizes as a function of aircraft size, minimum
agent quantities and application rates have been established. For Aqueous Film-Forming Foam (AFFF),
these quantities were based on FAA large-scale tests where Military Specification (MIL SPEC) Qualified
Products List (QPL) agents or ageni: submitted for QPL evaluation were used. The 0.13 gpny/ft? (5.5
Lpm/m®) application rate was based on these AFFF agents. Foams which are candidates for this
application rate should be judged using this criteria.

A review of standard test methods and performance criteria indicates @ wide range of requirements.
Variations in test size, application rate, fuel, and nozzle placement make comparison between methods
extremely difficult. Civen these variations, it becomes difficult to judge agents based on a simple
measure of performance and extinguishment applicaiion density. It was shown that the MIL SPEC, using
a low flashpoint fuel and the lowest application rate of any test standard reviewed, requires the least
amount of agent for extinguishment. The extinguishment application density for the Inteinational Civil
Aviation Authority (ICAO), Underwriters Laboratories, Inc. (UL), and International Siandards
Organization (ISO) standards are respectively 2, 4, and 6 times that required for the MIL SPEC. The
MIL SPEC is also explicit in its requirement that agenis be a film former; other methods, with the
notablc exception of ICAO, now recognize the appropriateness of this requirement by including similar
criteria.  No direct correlation, however, nas been established between chemical/physical properties
criteria in the MIL SPEC and the fire extinguishment and burnback characteristics.

[t has been demonstrated, using comparative data from the FAs and specific control time data from
numerous fire tests, that criteria from the small-scale MIL SPEC AFFF tests correlate with large-scale
data. Agents which meet the small-scale test criteria are able to meet NFPA and FAA control-time
requircments at less than the design application rate. The limited data available suggest that agents that
fuil to meet the MIL SPEC criteria may not provide this same factor of safety. Given the basis of the
FAA criteria (tests with QPL agents) and the critical time frames involved in ARFF ope.ations (1-3
minutes to respond, 60 seconds to control the spill tire), this safety factor is entircly appropriate as a
basis for minimum FAA certification.

The relevance of physical and chemical property tests in the MIL SPEC to ARFF applications has been
well established over the years through testing designed to improve the MIL SPEC. These tests assure
that AFFE has desirable attributes related to accurate proportioning, storage, stability, and shelf life in
addition 10 mmimum  performance  characteristics  when used with other agents and  when
misproportioned. For FAA certification. one alternative would be to specify minimum fire performance
requirements only. The risk is that QPL agent formulations may be modified. which might affect the
overall impact of foam quality, ¢.g., half-strength performance, interagent compatibility, and Purple K
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Powder (PKP) compatibility. A change in baseline agent performance would require reestablishment of
the correlations demonstrated in this analysis, including large-scale testing. As a practical matter, it has
been demonstrated that the majority of large airports already reference the MIL SPEC. For smaller
airports, therc may be some cost impact in referencing the entire MIL SPEC. However, it is precisely
at these airports, with their limited equipment and training resources, where the factor of safety inherent
in the MIL SPEC may be most important when it comes to an actual survivable aircraft crash incident.

The proliferation of standard test methods and various criteria for foams has not yielded significant
benetits in our understandiug of fundamental foam extinguishing mechanisms. This is shown by the lack
of one-to-one correlation of specific tests (e.g., film formation, expansion, drainage, spreading coefficient,
and fluorine content) with extinguishment and burnback performance. It is apparent that a single valid
test method or combination of methods to evaluate all types of foam have yet to be developed. While
a single test might be used. the variables involved leads to no clear correlatable distinction between
individual foams and differences between foam types. This is another endorsement for adoption of the
MIL SPEC for AFFF. it is, to date, the method with the best data to correlate results between small- and
large-scale for the application of interest, FAA certification of primary agents at critical application rates.

[t is rccommended that the FAA adopt the MIL SPEC in its entirety as criteria for accepting foam agents
used at the 0.13 gpm/ft* (5.5 Lpnm/m®) application rate. The UL 162 standard type 3 application test is
adequate for agents used at the higher application rate of 0.20 gpnv/ft* (8.2 Lpm/m*) for fluoroprotein
foam (FPF). Any future work related to foam testing should focus on the use of first principles (o
establish fundamental foam extinguishment mechanisms. The goal should be to correlate and use bench-
scale results to predict large-scale performance.
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BACKGROUND

Firefighting foams arc the primary agents used at airports to combat [uel fires resulting from aircraft
incidents. In the United States, the Federal Aviation Administration (FAA) certifies airport operations,
including aircraft rescue and firefighting (ARFF) capabilities. Guidelines for facilities and agents are
given in Advisory Circular (AC) 156/5210-6C, "Aircraft Fire ana Rescue Facilities and Extinguishing
Agents"'. Minimum quantities of agents are described, both in terms of total quantities and rates of
applicaiion. Protein foams (PF) are required to be applied at 0.20 gpmv/ft’ (8.2 Lpm/m*) while aqueous
film-forming foams (AFFF) must be applied at 0.13 gpmv/ft* (5.5 Lpnym?). This difference in application
rate recognizes the inherent advantage of using AFFF in extinguishing hydrocarbon pool fires; AFFF has
been demonstrated to extinguish pool fires more vapidly than protein foams at equivalent application
rates’. For equivalent extinguishment times, lower rates of AFFF are required compared o protein
foams. The National Fire Protection Association Standard 4032, "Standard for Aircraft Rescue and Fire
Fighting Services at Airports’," recognizes an application rate of 0.18 gpmv/ft* (7.2 Lpm/m?) for
fluoroprotein foam (FPF).

The number and types of firefighting toams offered to FAA certified airports have proliferated. The
distinction between foam types has been blurred with the introduction of fluoroprotein, film-forming
fluoroprotein (FFFP), and alcohol-resistant foams. Airports require technical guidance for selecting
appropriate agents. Currently, the FAA advisory circular only provides general guidance, e.g., Section
24 of AC 150/5210-6C:;

".. . While it is recognized that acceptance testing of extinguishing agents is necessary,
the technical characteristics, quality, stability, compatibility, etc., cannot be determined
during such system tests or demonstrations. Therefore, the airport management should
request that prospective bidders and suppliers of fire-extinguishing uagents furnish
indication of tests on performance and quality by a recognized laboratory.”

The situation was further complicated when Underwriters Laboratories, Inc. (UL) approved FFFP as both
a fluoroprotein and an AFFF agent in their listings. They have subsequently removed aircrait firetighting
from the scope of their test standard, UL 162°.

Certified airports must now individually determine the standard of performance to invoke when
purchasing foam agents. The performance should relate to the Ievel of safety established by the required
foam application rates. Since large-scale fire testing by each individual airport is no longer a viable
means of evaluation, smaller scale test methods must be utilized. The test method should demonstrate
correlation with the large-scale test methods used to establish the baseline application rates.  The
referencing of a standard test method should also provide a degree of quality control in the purchase of
agents which have demonstrated appropriate fire performance capability.

OBJLECTIVE

The objective of this report is to document and analyze the existing data on the performance of foam
agents. Based on this analysis, a technically based performance standard for commercial airport foam
requiretnents is to be recommended for inclusion in an FAA Advisory Circular.




APPROACH

In order to identify appropriate foam standards, the basts for the foam application rates was identifted.
These application rates are based on the ability to contro! s tire before passengers in a survivable post-
crash iucident are threatened by an exterior pool fire. Having established the basis of the requirements,
a review of tzst data was performed to identify important toam parameters. Thesc data are drawn largely
from FAA and Naval Research Laboratory (NRL) tests and evaluations. Test standards used in the
United Siates and other countries were identified, including mcthods currently used by large U.S.
airports.  Using the large-scale data and small-scale test methods, an attempt was made to demonstrate
correlation beiween small- and lorge-scale results. This includes data related to the issue of equivalency
of FFFP with AFFF. Based c¢n the analysis. recommendations were developed for adopting a standard
method/criweria in the advisory circular and for performing additional research to develop a more
technically sound method to determine important foam parameters.

HISTORICAL BASIS FOR FOAM REQUIREMENTS

THE SURVIVABLE POST-CRASH AIRCRAFT ACCIDENT.

A substantial amount of work has been conducted on the effects of po- 1 fires on aircraft fuselages. The
underlying principle is to temporarily maintain the integrity of an aircraft fuselage to allow passenger
escape or rescue. Lindemann® has summarized the critical times for passenger survivability. When an
aircraft is involved in a fuel spill fire, the aluminum skin will burnthrough in about one minute. If the
fuselage is intact, ithe sidewall insvlation will maintain a survivable temperature inside the cabin until
the windows melt out in approximately three minutes. At that time, the cabin temperature rapidly

increases beyond survivahle levels References 6, 7. and 8 provide additional research on the fuselage
iniegrity issue.

ARFF wehicles are designed to reach aa accident scene on the airport property in two to three minutes,
depending on the standard enforced by the authoriy having jurisdiction. Having recached the scene in
this ime frame, the extinguishing agent must be applied to control a fire in one minute or less. The one-
minute critical time for fire control 1s recognized by FAA, Naticnal Fire Prevention Association (NFPA),
and the International Civil Aviation Authority (ICAQ).

Minimum agent requirements on ARFF vehicles are established using the one-minute critical control time
nlus the anticipated spill area for the largest aircraft using the airport. A "theoretical critical fire arca”
has been deveioped, based on tests, which is defined as the area adjacent to the tuselage, extending in
all directions to the point beyond which a large tuel fire would not melt an aluminum fuselage regardless
of the Guration of the exposure. Considering the function of the size of an aircraft. the theoretical critical
fire area was refined to a practical critical fire area after the evaluation of actual aircraft fire incidents
indicated that less agent was being used than the amounts developed from the theoretical fire area’. The
practical critical arca, two-thirds the size of the theoretical critical area, is widely recognized by the
aviation fire safety commupity. including FAA, NFPA., and ICAG. Vehicles must be equipped with
suificient agent and discharge devices o control a fire in the practical critical arca within one minute.
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CRITICAL APPLICATION RATES.

Tests were conducted by the FAA to determine application rates for a single-agent attack to achieve fire
control (e.g., 90 percent extinguishment of a fire area) within one minute under a wide variety of
simulated accident conditions. Two concepts are important in addition to the application rate required
for one-minute fu¢ control: the critical application rate, below which fires will not be extinguished
independent of the amount of time agent is applied; and application density, which is the amount of foam
per unit area required to control or extinguish a fire.

Numerous fire tests were conducted in an attempt to quantify the important foam parameters. The basis
for the current minimum application rates were originally developed by Geyer in tests of protein and
AFFF agents’. These tests involved "modeling" tests with JP-4 pool fires of 70, 100, and 140 ft (21,
30, and 43 m) diameter. Large-scale verification tests with a B-47 aircraft and simulated shielded fires
(requiring the use of secondary agents) were conducted with 110 and 140 ft (34 and 43 m) JP-4 pool
fires. All tests were conducted with air-aspirating nozzles. The protein foam conformed to the Federal
Specification, O-F-555b'°, while the AFFFs used were in nominal conformance with the Military
Specification for AFFF. These tests were being performed at the time when the seawater compatible
version of the AFFF MIL SPEC" had just been adopted based on large-scale tests'?. The draft seawater

AFFF specification described in reference 12 is the "father” of the current version of the MIL SPEC,
MIL-F-24385 Rev. F'".

Figure 1 shows the results of the "modeling" experiments. This shows that, for a control time of 60
seconds, the application rate for AFFF was on the order of 0.04 - 0.06 gpm/ft* (1.6 - 2.4 Lpm/m*) while
the application rate for protein foam was 0.08 - 0.10 gpm/ft® (3.3 - 4.1 Lpm/m?®). The data indicate that
the application rate curves become asymptomatic at rates of approximately 0.1 gpm/ft? (4.1 Lpn/m?) and
0.2 gpmv/ft? (8.2 Lpm/m*) for AFFF and protein foam respectively. Above these rates, fire control times
would not appreciably improve. Likewise, critical application rates for fire control are indicated when
control times increase dramatically. The single test with a fluoroprotein agent indicated that this agent,
as expected, fell between AFFF and protein foam.

The large-scale auxiliary agent tests were conducted to identify increases in foam required when
obstructed fires with an actual fuselage were added to the scenario. The results, shown in table I,
indicated that fire control times increased by a factor of 1 to 1.9 for AFFF and 1.5 to 2.9 for protein
foams. It was estimated that the most effective foam sclution application rates were 0.12 - 0.14 gpm/fi?
(4.9 - 5.7 Lpm/m?) for AFFF and 0.18 - 0.22 gpnv/ft’ (7.5 - 9 Lpm/m?) for protein foam. This is the
original basis of the recommendations adopted by ICAO® of 0.13 gpmv/fi* (5.5 Lpm/m?) for AFFF and
0.20 gpmv/ft? (8.2 Lpm/m®) for protein foam. These values are still used by the FAA, NFPA, and ICAO.
When multiplied by the practical critical fire area, they form the basis of minimum foam flow rates and
water requirements on Crash Fire Research (CFR) vehicles.
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Fests of AFFE alone were conducied by Gever™. These agents, which were selected from the U.S.
Quahitied Products Last (QPL) (MU SPEC requirements), were tested on JP-4. JP-5, and aviation
sasohine fires. Air-asprrating nozztes were used. The results are shown in figures 2 and 3. Similar data
were collected by holding the JP-4 tuel fire size constant at 8000 {t* (743 m*) and varying the flow rates
o develop apphication rate comparisons. These data are shown in figure 4. The data show that Foam
A s more eftective than Foam B at lower application rates.

Additional tests were conducted by Geyer to verity the continuation of the reduction of water when
AFFF agents were substituted for protein foam'*, In 82.4-, 101-, and 143-ft (25, 31, and 44 m)-diameter
let A pool fires, AFFF, tiuoroprotein, and protein foams were discharged with aspirating and nonair-
aspirating nozzles. Three and six percent concentrates were used. The six percent concentrates were
manutactured in accordance with the MIL SPEC in force at the time. The three percent concentrates
were not manufactured to the MIL SPEC since three percent concentrations were not yet included in the
MIL SPEC. The data, summarized in figure S, validated the continued allowance of a 30 percent
reduction in water requirement at certified U.S. airports when AFFF is substituted for protein foam. A
minimum application rate of 0.05 gpm/ft* and 0.10 gpm/ft* (2.0 and 4.1 Lpm/m*) were identified for
AFFF and PF/FPF respectively for controlling Jet A fires. This is consistent with earlier work. The data
showed that ncnair-aspirated AFFF was more effective at critical application rates than air-aspirated
AFFF. This was verified by Jablonski'® in tests with Air Force crash trucks as shown in table 2.

SUMMARY AND KEY FACTORS.

The historical test data clearly supports the philosophy that AFFF can be applied at rates lower than
protein and fluoroprotein foams. Large-scale tests were used to develop the required application rates
needed for critical one-minute fire control.

Where these tests used AFFF, the agents were from the QPL or the agents were in nominal conformance
with the MIL SPEC, e.g., a developmental agent formulated to meet a new revision of the MIL SPEC.
MIL SPEC AFFF forms the basis of the current FAA, NFPA, and ICAO criteria for reduced application
rates and agent guaniities.

The Montreal ICAO Panel® pointed out that quantities of agent required lo extinguish actual aircraft fires
arc normally greater than those for test and training fires for a variety of reasons. They identified the
problems of scaling from small to large scale, the training of the firefighting personnel, inaccessibility
of some fire areas, initial overuse of foam, the three-dimensional nature of aircraft fires, and difficulties
in deployment and control. Geyer has also identified wind as a factor. It is appropriate then. that any
standard specifying foam products have a factor of safety This is usually accomplished by having tests
meet fire performance and burnback requirements at critical application rates, i.e., at rates below the rate
at which increases provide insignificant benefits. For AFFF, rates above 0.10 gpm/ft* (4.1 Lprn/m®) may
not provide any significant benefit in terms of substantially decreased control times. Critical rates for
AFFF are on the order of 0.03 - 0.05 gpm/ft? (1.2 - 1.6 Lpm/m").

The issue is to select a test method which provides screening of good and poor products and establishes
a factor of safety appropriate for aviation applications. The appropriate safety factor is dependent on
the application. For combustibie liquid and tank farm applications, which the UL Standard is geared
towards, a fire incident may last days. The fire control time may not be critical compared to the need
to provide extended burnback resistance. This compares to the seconds required for contrcl of an

6
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aviation incident  a ditference of scveral orders of magnitude compared to tank farm incidents.
Differences in agert performance measured in seconds. which may normally be disregarded. have to be
considered for aviation incidents.

The next sections describe different toam agents and address the issues of appropriate test standards, the
meantng of small-scale test variables, the correlation of small- and large-scale tests, and the appropriate

approach the FAA should pursuc.

DESCRIPTION OF AGENTS.

As described in the previous section, foam agents were tested in large scale to develop extinguishing
application rates and quantitics. Fluoroprotein foams were assigned an application rate between AFFF
and protein toam by NFPA. The development of new foams, particularly FFFP and alcohol-resistant
foams, do not necessarily tit in the standard categorization of AFFF, protein, or fluoroprotein foams.
This raises the question of where new formulations should fit in the application rate requirements.

An understanding of the composition of foam agents is fundamental to an cvaluation of the issue. Geyer
et al.” having described the composition of various foam agents, paraphrased as follows:

. Protein Foam (PF)  protein foam is a "mechanical” foam produced by combining (proportioning)
foam concentrate and water at specific ratios. The resuiting solutions arc then discharged through
a mixing chamber. The mixing chamber introduces (aspirates) air which expands the solution
to create foam bubbles. The liquid concentrate consists primarily of hydrolyzed proteins in
combination with iron salts. Hoof and horn meal, and hydrolyzed feather mcal are examples of
proteinaceous materials used in protein foam concentrates. When applied to a hydrocarbon fuel
surface, the foam bubbles act to exclude the air from the fuel vapors, effectively preventing the
creation of a combustible mixture. The bubbles also contain water to cool the fuel and attendant
hot surfaces. No aqueous film is formed on the fuel surface with this type of agent.

. Fluoroprotein (FPF) - these agents are basically protein foams with fluorocarbon surface-active
agents added. The varying degrees of performance are achicved by using different proportions
of the base protein hydrolyzates and the fiuorinated surfactants.  While {luoroprotein foams
generally have good fuel shedding capabilitics and dry chemical compatibility, the solution which
drains out from the expanded foam does not form a film on hydrocarbon fucls. However, the
addition of the tluorinated surfactants may act to reduce the surface tension of the solution. This
reduction may in turn decrease the viscosity of the expanded solution, thus promoting more rapid
firc controt when compared to protein foams.

. FFFP - these agents are also based on protein foarn formulations, They are produced by
increasing the quantity and quality of the fluorocarbon surfactants added to the protein
hydrolyzate. By doing this, the surtace tension of the resulling solution which drains tfrom the
expanded foam is reduced to the point where it may spread across the surtace of a liguid
hydrocarbon fuel. Under these conditions. the agent may still be termed a "fluoroprotein” foam,
but the physical and fire extinguishing characteristics are similar and perhaps even equal to those
of an AFFF (figure 6).
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. AFFF - these agents are synthetically formed by combining fluorine free hydrocarbon foaming
compounds with highly fluorinated surfactants. When mixed with water, the resulting solution
achieves the optimum surface and interfacial tension characteristics needed to produce a film
which will spread across a hydrocarbon fuel. The foam produced from this agent will extinguish
in the same water cooling and vapor-excluding fashion as other foams. However, the solution
which results from normal drainage or foam brcakdown will quickly produce an aqueous "film"
which spreads rapidly and is highly stable on the liquid hydrocarbon fucl surface. It is this film
formation characteristic which is the significant feature of AFFFs.

These descriptions show that there are distinct chemical differences between protein based foams and
AFFFs. The formulation of an FFFP may imply a simple mixing of a fluoroprotein agent with an AFFF.
In fact, informal experiments have been performed where AFFFs were mixed with protein based
toams'”".  The investigators found that this simplification ignores the chemical compatibility and
synergistic cffects of combined agents. For example, the source and proportions of protetnaceous
materials in protein type foams is very important. Mixing protein based materials with AFFF may. under
certain conditions, result in hydrolysis, deactivation of the protein, or a change of pH. While both
investigators were able to achieve favorable results by mixing agents in the laboratory. neither
recommend the practice for actual {irefighting agents. Fiala' indicated that this procedure is "believed
to be of no importance for practical use."

In general, the surfactants used in aqucous foams are long chidined compounds which have a hydrophobic
(water hating or water insoluble) group at on~ end and a hydrophilic (water loving or water soluble)
group at the other end". The molecular structure of a typical AFFF fluorinated surfactant is shown in
figure 7. In this molecule, the perfluorooctyl group on the left is the hydrophobic group, while the
propyltrimethylammonium group is the hydrophilic group. When these compounds are dissolved into
solution with water, they will tend to group near the surface of the solution and aligned so that their
hydrophobic ends are facing towards the air/solution interface. The advantage of this is that the
perfluorcoctyl group found in these compounds is oliophobic (oil or hydrocarbon insoluble) as well as
hyvdrophobic™,

F F F F F F F F CH, T°
| TR TR RN IO N SR | I
F-C—-C-C-C-C—-C-C—-C-S0,N (CH;) ;—N—CH,]| I
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FIGURE 7. TYPICAL AFFF FLUOROSURFACTANT MOLLCULL




AFFF concentrates also contain hydrocarbon surfactants. These compounds are less hydrophobic than
those containing the perfluorooctyl group®'. However, they do provide greater stability once the solution
is expanded into a foam. The net result of combining both of these compounds in an aqueous solution
is that the surface tension of the solution is reduced below that of water; the expanded foam produced
from the solution is resistive to breakdown from heat, fuels, or dry chemical extinguishing agents. and
the solution which drains out from the expanded foam is able to form a film on hydrocarbon fuels.

The importance of both the film formation and foam bubble characteristics of AFFF, resulting from the
combination of fluorocarbon and hydrocarbon surfactants was evaluated in early work by Tuve et al.™,
When a highly expanded stiff formulation of AFFF was used. these experimenters found it difficult to
obtain good fire extinguishment and vapor scaling characteristics because the toam resisted tlow and
drainage of the aqueous solution (film) was slow. This was corrected by reducing foam cxpansion.
Foam agent with an expansion ratio of eight-to-one and a 25 percent drainage time of six minutes
appearcd to offer the best compromise in characteristics. It provided a readily flowable foam which
sealed up against obstructions, promoted the rapid formation of a surface-active film barrier on the fuel,
and provided a sufficiently stable foam to resist burnback.

Chemical composition is vital in achieving a balanced formulation. This formulation must create a stabie
foum bubble which will, over time. relecase an aqueous solution with the ability to form a vapor
suppressing film on hydrocarbon fuels. The introduction of FFFP is yet another chemical variant of the
essential balanced formulation. Because foam matrix stability is also affected by the degree of aspiration
of the foam solution, the continuing conflict over foam aspiration is naturally a related issue.

Having identificd that chemical composition and foam quality are important factors in the equivalence
debate, the issue can be simplified to one of fire performance capabilitics. The best agent is the onc that
controls and extinguishes hydrocarbon fuel fires the fastest and provides the great. st degree of resistance
to burnback. 1If agents are similar in terms of these fire performance criteria. then the user must judge
if the other differences are important. This assumes that other operational requirements are met, ¢.g.,
the compatibility of the agent with CFR equipment and auxiliary agents.

STANDARDS AND REGULATIONS

NATIONAL STANDARDS AND TEST METHODS.

Given the differences in chemical composition between agents, how does the user select an agent? In
the United States, the primary method of selecting agents is by reterence to an UL listed product*’ or
in the case of AFFFs, reference (o the military specification, MIL-F-24385". It was noted in the
Background Section that the FAA does not have specific test criteria for foam agents.

The NIFPA Standards and Recommended Practices related to aviation are contained in the following
documents:

. NFPA 402M - Manual for Aircraft Rescue and Firefighting Operational Procedures (1939
Edition).
. NEPA 403 - Standard for Aircraft Rescue and Firefighting Services at Airports (1993

Fdition).




. NI'PA 412 - Standard for Evaluating Aircraft Rescue and Firefighting Foam Equipment (1993
Edition).

. NFPA 414 - Standard for Aircraft Rescue and Firefighting Vehicles (1984 Edit‘on).

These four standards are all closely related and in fact reference each other in many cases. NFPA 403
is the referencc document in terms of foam requirements for crash, firefighting, and rescue operations.
The CFR requirements in NFPA 402M, 412, and 414 are derived from NFPA 403. It is NFFA 403
which defines the minimum requirements for airport CFR services. Airports are categorized by the
maximum size of aircraft serviced. The amount of apparatus and the minimum total extinguishing agent
flow rate is then defined based on this categorization. Acceptable types and quantities of agents are
described. These rates and quantities are based on the “critical fire area" concept described in the
Historical Basis section. The membership of NFPA rccently voted to adopt fire test criteria for primary
extinguishing agents (foam) in NFPA 403. These new requirements and the rationale for adopting the
test method are described in the correlation section of this report.

In order to determine the types of agents being used and methods of procurement, a survey of 24 major
U.S. airports was conducted in 1990*. All of these facilities are classified as Index 5-8 airports in
accordance with NFPA 403. Essentially, these airports requiie the greatest degree of protection in terms
of CFR vehicle capability and agent capacity. Fire department personnel and/or procurement specialists
were asked what foam concentrate they had inost recently purchased. They were also asked how the
foam agent was specified, e.g., by UL listing, MIL SPEC approval, or commercial specification.

The results of the survey are shown in table 3; complete details are contained in reference 24. The
results of the survey were as follows:

] All major airports use AFFF

10 (42 percent) use 6 percent AFFF
- 14 (58 percent) use 3 percent AFFF

t

Six uirports (25 percent) supplement AFFF with another typc .. agent

- 4 (17 percent) use fluoroprotein or protein foam
- 2 (8 percent) use FFFP/Polar Solvent agents

s Boston Logan (Mass. Port. Auih.) uses Angus Tridol 6 percent., which is a UL
listed AFFF; they also carry Angus Petroseal 6 percent, an unlisted FFFP, on their

apparatws in 5 gal. cans

. San Diego vses both MIL SPEC AFFF and a UL listed dual-purpose agent (Angus
Alcoscal, FFFP listed for use on both polar solvent and hydrocarbon fuels)

3. Fifteen (63 percent) reference the MIL SPEC

. Five (21 percent) reference UL

16
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5. Twelve (50 percent) use other methods in addition to or in lieu of MIL SPEC/UL requirements:

- Four airports (17 percent) use their own spec (Chicago, Cincinnati, Houston and
Philadelphia)

- Four airports (17 percent) specity the manufacturer (Boston/MPA. Detroit, Tampa, and
Nashville)

- FAA, Factory Mutual (FM) and NFPA "requirements” were also cited
The most significant finding was that the majority of the airports surveyed referenced the MIL SPEC.

INTERNATIONAL STANDARDS.

The number of international standards developed for foams is quite substantial. A brief review of the
literature yielded over 17 different standards and test methods. These are summarized in table 4. While
it is beyond the scope to ndividually review each document, it is important to note that most of the
AFFF standards and specifications require cither a film formation test and/or a positive spreading
coefficient. Developments by the Eu.opean community are reviewed here since they are some of the

strongest proponents of FFFP.

TABLE 4. EXAMPLES OF INTERNATIONAL SPECIFICATION TESTS FOR FOAM

Type of FFoam
United States/North America
UL 162 All types
MIL-F-24385 AFFF
QOF 555 Protein
28GP74 (Canada) AFFF
Lurope
DT BI88/STNA/DGCA (France) All types
FR 1-1007 (UK) All types
Detence Standard 42-21 (UK) Protein
Detfence Standard 42-24 (UK) AFFF
Defence Standard 42-22 (UK) Fluoroprotein
ICAQ Annex [4/Airport Services Manuai All types
ISO (proposed) All types
Detense Standard DIN 14-272 (Germany) AFFF
Specificaiion N.FS560201 (France) AFFF and fluoroprotein
NORDTEST NT FIRE 023
(Finland/Sweden, e.g., Swedish Civil Aviation
Administration) All types
Others
DCA/E/23RT (Australia) Protein
WSEE 7508, Issue No. 2 (Australia) AFFF
Detense Standards S603A (Australia) AFFE
Department of Aviation WS FF 7508 (Austraha) AFFE
AFFF Specification Japan) AFFF
AFFE Specitication (India) AFFE
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The ICAO develops crash firefighting and rescue documents for its member bodies. The Airport
Services Guide, Part 1 -- Rescue and Firefighting (Third Edition, 1990) describes airport levels of
protection to be provided (chapter 2) and extinguishing agent characteristics (chapter 8). Chapter 2, in
describing minimum usable amounts of extinguishing agents, describes two levels of performance: Level
A and Level B. The amounts of water specified for foam production are predicated on an application
rate of 0.20 gpm/ft* (8.2 Lpm/m?) for Level A and 0.13 gpnv/ft® (5.5 Lpnvm?) for Level B. Level B
agents require less agent. Foam specifications are contained in chapter 8, table 8-1. These criteria are
reproduced here as table 5. Foams meeting performance Level B have an extinguishment application
density of 0.061 gal/ft* (2.5 L/m®). Surface tension, interfacial tension, and spreading coefficient criteria

in the previous edition of the Airport Services Guide have been deleted from table 8.

TABLE 5. ICAO FOAM TEST REQUIREMENTS

Fire Tests

Performance Level A

Performance Level B

1. Nozzle (air-aspirated)
(a) Branch pipe
(b) Nozzle pressure
(c) Application rate
(d) Discharge rate

"UNI 86" foam nozzle
100 psi (700 kPa)
0.10 gpm/fté (4.1 Lpm/m?)
3.01 gpm (11.4 Lpm)

"UNI 86" foam nozzle
100 psi (700 kPa)
0.06 gpm/ft? (2.5 Lpm/in®)
3.01 gpm (11.4 Lpm)

2. Fire size =30 ft’ (22.3 m") =48 {t’ (=4.5 m")
{circular (circular)
3. Fuel (on water surface) Kerosene Kerosene
4, Preburn time 60 s 60 s
5. Fire performance
(a) Extinguishing time S60s <60 s
(b} Total application time 120 s 120 s
(¢) 25% reignition time 2 5 min 25 min

The International Organization for Standardization has issued a draft specification for low-expansion
foams, ISO/DIS 7203 (1992).* The specification includes definitions for protein, {luoroprotein,
synthetic, alcohol resistance, AFFF, and FFFP concentrates. A positive spreading coefficient is required
for film-forming foams when cyclohexane is used as the test fuel. There are toxicity, corrosion,
sedimentation, viscosity, expansion, and drainage criteria. The fire test uses a 2.4-m-diameter circular
pan with heptane as the fucl. The UNI 86 nozzle is used for either a "forceful” or "gentle” application
method at a flow rate of 3 gpm (11.4 Lpm). The application rate is 0.06 gpm/ft* (2.4 Lpm/m?). For the
greatest performance level, a three-minute extinguishment time is required. This results in an
extinguishment application density of 0.19 gal/ft* (7.6 Lpm/m®)

The requirements for extinguishing and burnback are summarized in table 6. There are threc levels of
extinguishment pertormance and four levels of burnback performance. For extinguishing performance.
Class 1 is the highest class and Class 11T the lowest class. For burnback resistance, Level A is the
highest level and Level D the lowest level. Foam concentrates can be compared for each factor
separately but not necessarily in combination. For example. a IC concentrate is superior to a ID or a




IIC concentrate, but it is not possible to say that it is superior to a [[B concentrate since it is superior
in extinguishing performance but inferior in burnback resistance.

Typical performance classes and levels for different concentrates are provided. Typical anticipated
performance for AFFF is noted as ID and for FFFP as IA/B. For alcohol resistant foams, both AFFF
and FFFP are typically 1A.

TABLE 6. MAXIMUM EXTINCTION TIMES AND MINIMUM BURNBACK TIMES FROM
PROPOSED ISO SPECIFICATION

Gentle application test Forceful application test
Extinguishing Burnback Extinction time Burnback time Extinction time Burnback time
performance resistance (min.) not more (min.) not less (min.) not more (min.) not less
class level than than than than
A not applicable 3 10
B 5 1S 3 not tested
. c 5 10 3 not tested
D 5 5 3 not tested
A not applicable 4 10
B 5 15 4 not tested
I C 3 10 4 not tested
D 5 5 4 not tested
B 5 15 not tested not tested
11 C 5 10 ne. tested not tested
D S 5 not tested not tested

PERFORMANCE FIRE TESTS.

The previous sections outlined requirements for foams in terms of the recognition of AFFF and FFFP,
minimum application rates, and references to performance standards. Reference 24 provides additional
dectails on NFPA requirements. Particularly in the NFPA standards, performance requirements are
dictated in terms of "listing” and approval by the "authority having jurisdiction.” Currently at U.S.
airports, the airport managers are effectively the authority having jurisdiction in terms of foam
specification. As shown in the airport survey, the U.S. AFFF Military Specification was the predominant
performance specification referenced. Previous NFPA references to “listing" effectively translated to UL
listing in accordance with UL 162, when applied to North America. Therefore, these two standards are
evaluated here.

20
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UL STANDARD 162. UL 162, "Standard for Foam Equipment and Liquid Concentrates,” is the

principle test standard for the listing of foam concentrates and equipment in the United States. Test
procedures  outlined in  this standard have been developed to evalvate  specific
agentproportioner/discharge device combinations. When a foam concentrate is submitted for testing,
it must be accompanicd by the discharge devices and proportioning equipment with which it is to be
listed. These devices do not necessarily have to be manufactured by the foam vendor submitting the
agent to be tested. Listed products are then described in the UL Fire Protection Equinment Directory.
Each listing includes the discharge and proportioning devices with which the agent was tested.

UL defines foam liquid concentrate as either a protein or synthetic based agent that is intended to be
diluted with fresh waler, salt water, or a mixture of both fresh and salt water to a concentration of |

percent or higher. Differcnt types of low-expansion liquid concentrates arc defined as follows:

I AFFT - A liquid concentrate that has a fluorinated surfactant base plus stabilizing udditives.

{9

Protein - A liquid concentrate that has a hydrolyzed protein base plus stabilizing additives.

3 Fluoroprotein - A liquid concentrate that is similar to protein type concentrate, but with one or
more fluorinated surfactant additives.

4 FFFP - A liquid concentrate that has both a hydrolyzed protein and fluorinated surtactant base
plus stabilizing additives.

5. Svnthetic - A liquid concentrate that has a base other than fluorinated surfactant or hydrolyzed
protein.

Foam liquid concentrates, us noted, are not listed as agents alone. Listed with a system, they are
associated with discharge devices classified as Type I, II, or Il1I. Type I devices deliver foam gently onto
the flammable liquid fuel surface, e.g., a foam trough along the inside ot a tank wall. Type II discharge
devices deliver foam onto the liquid surface in a manner which results in limited submergence of the
foam below the fuel surtace and restricted agitation at the fuel surface. Examples include subsurface
injection systems, tank wall mounted foam chambers, and applications where foam is bounced off the
wall of a tank. Type III discharge devices deliver foam directly onto the liquid surface and cause
general agitation at the fuel surface, e.g., hand held nozzles. The flammable liquid fire tests in the UL
162 standard include methods ror sprinklers, subsurtace injection, and topside discharge devices,
including nozzles.

The Class B fire tests for topside discharge devices are described in section 15 of UL 162, Commercial
¢rade n-heptane is placed in a square test pan. The area of the pan is a minimum of 50 {t* (4.65 m®).
For Type I applications. the test nozzle is positioned above the test pan. The nozzle may be moved
throughout the duration of foam application or fixed in position for part or all of the application. The
apolication rates ("densities” in the UL Standard) for various concentrates arc outlined in table 7. Film
forming fluoroprotein concentrates are required to pass the fire extinguishment and burnback tests at both
applicaton rates.
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TABLE 7. FOAM APPLICATION RATES AND TORCH EXPOSURE TIMES IN
UL 162 FOR HYDROCARBON FUELS

Time of Maximum Duration of
Foam Extinguishment | Torch Testing
Application Rate Application Density (min)
Concentrate (gpm/ft’ (Lpm/m®)) (min) {(gal/tt Lim*)

Protein. tluoroprotein, tilm- 0.06  (2.4) 5 03 (12.2) 15
forming tluoroprotein', or
synthetic concentrate
Aqueous film-forming or film- 0.04  (1.6) 3 012 49 9
torming fluoroprotein'
concentrate

(a) Film-forming fluoroprotein is to be tested at application rates of 0.06 and 0.04 gpm/ft’,
From UL 162, Sixth edition

After the fuel has been added to the test pan, the nozzle arranged. and the liquid concentrate flow rate
determined, the fuel is ignited. The resulting fire is allowed to burn for a 60-second preburn time. At
the end of the 60-second preburn, foam is discharged for the duration specified in table 7. The foam
blanket resulting from the foam discharge must spread over and completely cover the fuel surface, and
the fire must be completely extinguished before the end of the foam discharge period.

After all of the foam is discharged, the foam blanket formed on top of the tuel is left undisturbed for
the period specified in table 7. During the time the foam blanket is left undisturbed, a lighted torch is
passed approximately | inch (25.4 mm) above the entire foam blanket in an attempt to reignite the fuel.
The fuel may not reignite, candle, flame, or flashover while the torch is being passed over the fuel.
However, candling, flaming, or flashover that seclf-extinguishes is acceptable provided that the
phenomenor does not remain in one area for more than 30 seconds.

After the attempts to reignite the fuel with the lighted torch are completed, a [2-in-diameter (305 mn)
scction of stovepipe is lowered into the foam blanket. The portion of the foam blanket that is enclosed
by the stovepipe is removed with as little disturbance as possible to the blanket outside the stovepipe.
The cleared fuel area inside the stovepipe is ignited and allowed to burn for I minute. The stovepipe
then is slowly removed from the pan while the fuel continues to burn. After the stovepipe is removed,
the foum blanket must either restrict the spread of fire for 5 minutes to an area not larger than 10 {t* (0.9
m*), or flow over and reclose the burning arca.

A standard test nozzle is not specified. Rather, a test nozzle is used which has foam expansion and
drainage values equivalent to those produced with the full-scale nozzle submitted as part of the system
being cvaluated. The full-scale nozzle i1s then listed with the concentrate.  This test method was
originally developed for testing protein foams which used air-aspirating devices. Despite the subsequent
inclusion of AFFFs, the method is still geared to evaluate air-aspirated devices. This is evidenced in a
recent listing of AFFF and FFFP concentrates. Only one combination which uses a nonaspirating nozzle
was identified in the UL Directory: Elkhart Brass Model HF-350 and HF-500 nozzles with 3M FC-600
ATC proportioned at 3 percent. No nonaspirating monitors or rooftop CEFR turrets of any tvpe are listed
with AFFF or I'FFP concentrates.
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This is a serious limitation with regard to CI'R applications. Nonair-aspirated hand line nozzles, uscd
in conjunction with air-aspirated and nonair-aspirated roof and bumper turrets, arc the predominant foam
discharge devices used in CFR applications in the United States. This limitation was recognized by UL;
they have dropped references to CFR applications in the Scope of the Sixth Edition of the UL 162
Standard, cffective March 7, 1989.

Because UL 162 is not an agent specification, there are no requirements for physical properties, such
as film tormation and sealability, corrosion resistance, and spreading coefficient. Neither are there any
provisions to test, on a large scale, the degree of dry chemical compatibility of an agent, or the effects
of aging or mixing with agents of another manufacturcr. However, it should be noted that UL is
considering such requirements. In particular, requirements for a positive spreading coefficient (greater
than zero using cyclohexane) for film-forming foams have been proposed and are being implemented.*

U.S. MILITARY SPECIFICATION. The US Military Specification, MIL-F-24385, is the AFFF
procuremient specification for the U.S. Military and Federal Government. The US military, in all
likelihood, is the largest user of foam in the world. The inherent and primary purpose of the
specification is to obtain a product which will rapidly control and extinguish hydrocarbon fuel fires. It
is important to recognize that it is a procurement specification as well as a performance specification.
As a result, there are also requirements for packaging, initial qualification inspection, and quality
conformance inspection. Equipment designs unique to the military, in particular U.S. Navy ships, also
impact on the specification requirements (e.g., use of seawater solutions and misproportioning related
fire tests). Nevertheless, by its very design it exacts a high level of fire extinguishment performance.
It addresses not only fire extinguishiment and burnback requirements, but important chemical and
physical properties as well. These requirements have been developed based on research and testing at
the Naval Research Laboratory and actual operational experience with protein and film forming foams.

Table 8 summarizes the important fire extinguishment, burnback resistance, film formation, and {oam
quality requirements established by the AFFF MIL SPEC. The fire tests are conducted using 28 ft* (2.6
m?) and 50 ft* (4.6 m*) circular fire test pans. There are specific requirements to conduct a fire test of
the agent after it has been subjected to an accelerated aging process (simulating prolonged storage) and
after intentionally misproportioning the concentraie with water. In particular, the requirement to conduct
a fire test of the agent at one-half of its design concentration is onc of the most difficult tests. The 28
{t* (2.6 m") half-strength fire test must be cxtinguished in 45 seconds, only 15 seconds greater than
allowed when the full-strength solution is used.

The physical and chemical properties evaluated for MIL SPEC agents are outlined in table 9, along with
the rationale for each test. These procedures have been developed based on experience and specilic
military requirements. Some of these requirements obviously have relevance to CFR applications. [For
example, the MIL SPEC requires that the agent be compatible with dry chemical agents. Dry chemical
agents may be used as "secondary” agents in CFR, e.g., to combat three dimensional fuel fires, where
AFFF may have limited etfectiveness. Specifically, the MIL SPEC requires that an agent’s compatibility
with potassium bicarbonate dry chemical agent (PKP) be determined. The burnback time of the foam
in the presence ot the dry chemical is measured.  Also, the concentrate of one manufacturer must be
compatible with concentrates of the same type furnished by other manufacturers, as determined by fire
tests and accelerated aging tests.
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TABLE 8. SUMMARY OF THE U.S. MILITARY AFFF SPECIFICATION
(MIL-F-243 85. REVISION F) KEY PERFORMANCE REQUIREMENTS

Test Fuel

Revision F

Fire Extinguishment
28 fi* (2.6 m") fire test

Application rate
Maximum extinguishment time
Maximum exlinguishment density

50 ft* (4.6 m*) fire test®

Application rate

Minimum 40-second summation
Maximum extinguishment time
Maximum extinguishment density

0.071 gpuvft? (2.9 Lpm/m?)
30
0.036 gal/ft’ (1.45 L/m?)

0.04 gpuvft? (1.6 Lpm/m*)
320 s
50s

0.033 gal/ft* (1.34 Lim?Y)

Fire Extinguishment ~ Over and Under Proportioning
(28 ft* (4.6 m®) Test)

Half strength

Maximum extinguishment time
Maximum extinguishment density

Quintuple (5x) Suength®

Maximum extinguishment time
Maximum extinguishment density

45 s
0.054 gal/ft* (2.2 L/n’)

55s%
0.066 gal/ft* (2.7 L/m*)

Burnback Resistance

28 ft? (2.6 mY) fire test
50 £ (4.6 m® fire test

25% maximum at 360 s
25% maximum at 360 s

Foam Quality

Lixpansion ratio
25% drainage time

6.0 @ 1 minimum
150 s minimum

Film Formation
Spreading coefficient

Fuel
Minimum value

[gnition resistance test

Fuel
Pass/fail criteria

Cyclohexane
3

Cyclohexane
No ignition

* Salt water only.

" 2(X) s tor half-strenpth solutions; 200 s for quintuple-strength solutions
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TABLL 9. PHYSICAL/CHEMICAL PROPERTIES AND PROCUREMENT REQUIREMENTS

OF THE AFFF MIL SPEC

Requirement

Rational

Refractive Index

enable use of refractometer to measure solution concentrations in
field; this is most common method recommended in NFPA 412

Viscosity assures accurate proportioning when proportioning pumps are
used; e.g., balanced pressure proportioner or positive displacement
injection pumps

pH assures concentrate will be neither excessively basic or acidic:
intention is to prevent corrosion in plumbing systems

Corrosivity limits corrosion of and deposit buildup on metallic components

(various metals for 28 days)

Total Halides/Chlorides

limits corrosion of and deposit buildup on metallic components

Environmental Impact

biodegradability, fish kill, BOD/COD; assures an environmentally
safe product

Accelerated Aging

film formation capabilities, fire performance, foam quality: assures
a long shelf life

Seawater Compat.bility

assures satisfactory tire parformance when mixed with brackish or
salt water

Interagent Compatibility

allows premixed or storage tanks to be topped off with different
manufacturers’™ agents without atfecting fire performance

Reduced and Over Concentration Fire
Test

assures satisfactory fire performance when agents are proportioned
inaccurately

Compatibility with Dry Chemical (PKP)
Apents

assures satisfactory fire perfonmance when used in conjunction
with supplementary agents

Torque to Remove Cap

able to remove without wrench

Packaging Requirements

strength, color, size, stackable, minimum pour and vent opening
tamper proof scal; assures uniformity of containers and case of
handling

Initial Qualification Inspection

¢stablish initial conformance with requirements

lot)
L—

Quality Conformance Inspection (cach

assurcs continued conformance with requirements

Also included are requirements related to corrosivity, pH, concentrate viscosity, total halides, and
environmental impact (c.g., biodegradability). Detailed packaging requirements are included, again
developed based on experience in handling the product. For example, the maximum torque of the
containel cap is specified so that the cap can be removed by hand. This assures rapid agent transfer {or
refilling operations in an emergency. In addition to the initial qualification approval and inspection, a
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quality conformance inspection of each lot of agent must be performed. The manufacturer is currently
permitted to submit certified data for quality conformance. Having met requirements of the MIL SPEC,
agents arc listed on the QPLY, published by the U.S. Department of Defense.

TEST RESULTS
FAA TESTS.

LABORATORY AND SMALL-SCALE TESTS. George Geyer of the FAA has performed the most
detailed comparative analysis to date on foam agents relative to performance. Preliminary results were
presented at the International Conference on Aviation Fire Protection in Interlaken, Switzerland, in
September 1987, The summary data were made available for this report; the actual test notes and data
were not available for review. Twenty-four agents, including alcohol-type foams, were evaluated.
Agents were classified as PF, FPF, FFFP, and AFFF. In addition to fire tests, the chemical composition,
spreading cocfticients and expansion, and drainage characteristics of foam agents were evaluated.

Fire tests, SO ft* (4.6 m®) in size. were conducted in accordance with both the AFFF MIL SPEC,
Revision C and UL 162. The discharge rate and resulting application rate was modified to produce
higher rates for the protein va ¢d nonfilm-tforming agents. Average results of these tests are summarized
in tables 10 to 13, The data indicate that AFFFs, as a group, have better control, extinguishment, and
burnback characteristics compared to FFEPs. Fourteen AFFF agents were evaluated. Disregarding the
Ansul ARC and the National Acr-O-Water tests having an application rate greater than 0.04 gpnvie? (1.6
Lpm/m®), the range of control and cxtinguishment times are 19-39 seconds and 36-63 seconds
respectively for AFFFs. The range of 25 percent burnback times is 345-564 seconds. The data show
that there is a range of performance for AFFF concentrates. The control and extinguishment times for
the FFFP agents tested were 34-43 seconds and 53-74 seconds respectively.  Twenty-{ive percent
burnback ranged from 241-423 seconds. The average control, extinguishment, and burnback times for
the QPL AFFF agents were 22, 43, and 436 scconds, respectively, compared to average control,
extinguishment, and burnback times of 39, 59, and 356 seconds for the FFFP agents.

The differences in foam agent performance are shown graphically in figure 8, which is a comparison of
representative agents using the MIL SPEC and UL test methods.  The trends in the data remain
essentially the same, independent of the test method.  AFFFs perform better than FEFFPs, which in turn
perform better than FPs in terms of fire control and extinguishment. The differences in control and
extinguishment times between the tests methods may be attributed to ditferences in the pan configuration
and method of foam application. The MIL SPEC uses a round pan around which the firefighter may
move, while UL 162 uses a square pan and the fire fighter must remain stationary while applying the
agent. [t should be noted that the QPL products were not evaluated in this comparison.

As part of a related analysis of physical and chemical propertics, Geyer attempted o establish
correlations between  agent spreading coeflicient and (ire performance.  Spreading coefficient values
were first determined for six agents, cach on three different fuels. The same agents were then subjected
(o 50 11° (4.6 m™) MIL SPEC fire tests using cach test fuel. The results showed that no direct correlation
existed between spreading coefficient and extinguishment performance of the agents tested.
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This can be seen from tables 10 and 11, where spreading coefficients and extinguishing data are shown
for the 50 ft* (4.6 m®) fire tests, Revision C of the MIL SPEC requires a minimum spreading cc »fficient
of 3 using cyclohexane as the test fuel. There are agents listed in tables 10 and 11 which exceed this
criteria (Angus Tridol 3 percent, National Aer-O-Water 3 percent, Angus Petroseal 6 percent), but do
not pass the 50 ft* (4.6 m’) extinguishment criteria of 50 seconds. Likewise, agents with a spreading
coefficient less than three were able to meet the extinguishment liait (3M FC 201, 3M ATC FC 600,
National Aer-O-Water 6 percent).

Additional data on physical/chemical parameters from the FAA wsts and the effects of test fuels are
contained in appendix A.

LARGE-SCALE TESTS. The principle objective of the large fire tests conducted by FAA was to
evaluate those agents which demonstrated the most rapid fire control and extinguishing times using the
MIL-F-24385C and Underwriters Laboratories, Inc., UL 162 test methods. The results of the 50 ft* (4.6
m*) fire tests pertormed in accordance with the MIL SPEC are contained in the previous section. Based
upon these data, two 3 percent type film-forming foam agents were selected. One agent was an AFIFF
manufactured to conform with the military specification (Ansul 3 peicent). The second agent was a
commercial FFFP agent listed by UL (Petroseal Angus Fire Armour).

The fire test bed was a 79 fi (24 m) square (6241 ft*, 516 m?) diked fire area in one corner of which an
additional 50 ft (15 ) square (2500 ft*, 232 m*) fire pit had been constructed. The first series of tests
was performed in the 2500 ft* (232 m®) fire pit, after which the dikes were removed before conducting
the second series of tests in the 6241 ft* (576 m?) fire pit. During the tests, all foam solutions were
discharged at the rate of 250 gpni (950 Lpm), which provided application rates of 0.04 and 0.10 gpm/ft*
(1.6 and 4.1 Lpm/m*) to the fire surface. These rates were within the known threshold values for
aqueous film-forming foams as shown previously in figure S.

Both fire pits were initially charged with sufficient water to provide a smooth water-based substrate upon
which Jet A (0.35 gal/ft®, 14.2 L/m?) aviation fuel could be floated. A preburn period of 30 seconds was
allowed after complete involvement of the fuel surface was obtained before initiation of the fire
extinguishing operation. The nozzle was positioned on the upwind side of the active fire pit and
operated by an experienced firefighter committed to extinguishing the fire as rapidly as possible.

Two different {foam nozzles were employed in the experiments. One nozzle was a single-barrel air-
aspirating unit (National Foam P/N BC-31B) with a nominal solution discharge rate of 250 gpm (950
Lpm) at 100 psi (690 kPa). The secnr.d nozzle was a short-barrel nonair-aspirating unit (Valpariso IN
46383 Task Force Tip). The average foam quality produced by cach nozzle using the NFPA 412 foum
lest miethod, expansion ratio and 25 percent solution drain time, is shown in table 14.

The results of the fire tests are summarized in figure 9. Two large-scale tests were performed at an
applicaton rate of 0.04 gpm/ft* (1.6 Lpm/m®) using the air-aspirating nozzle. and four at the rate of 0.10
epmv/{t° (4.1 Lpm/m’), employing both the air-aspirating and nonair-aspirating nozzles.
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TABLE 14. FOAM QUALITY FOR ILARGE-SCALE AFFF/FFFP TESTS
Expansion Ratio Solution Drain Time 25% (s)
Type Avcrage Solution Alr- Nonair- Air-
Agent percent Concentration % aspirated aspirated aspirated Nonair-aspirated
AFFIF 3 28 67! 491 191 86
FFFP 3 2.6 3% 501 199 108

The average fire control times obtained for FFFP and AFFF on Jet A fuel fires were cssentiaily cqual
at a solution application rate of 0.10 gpm/ft® (4.1 Lpm/m®). The difference in control times between the
air-aspirating and nonair-aspirating nozzles is not significant. This indicates that the chreshold or critical
application rate was exceeded by both agents. When the solution application rate was reduced from 0.10
o 0.04 gpm/ft? (4.1 to 1.6 Lpm/m®), the time for fire control for AFFF wus nine seconds less than that
for the FFFP. The control times in the 6240 {* (516 ") tests with the lower application rate were in
good agreement with the control times from the 50 ft* (4.6 m*) MIL SPEC tests (tables 10 and 11).

NRL TESTS.

Because of the wide variation in the fire test data reported in the literature, a series of comparative fire
and bench-scale laboratory tests with FFFP and AFFF concentrates were performed by the Naval
Rescarch Laboratory**. Bench-scale tests were performed according to the MIL SPEC (Revision C) test
procedures, including spreading coetficient, film formation and sealability characteristics, fluorine
content, expansion ratio, and 25 percent drainage time. The spreading coefficient test was described
carlier. The {ilm formation and sealability test is a fundamental bench-scal- test which confirms that
the agent is in fact able to produce a film on the fuel surface. It also indicates whether or not the film
will scal vapors against ignition. Fluorine content is used to judge the amount of fluorinated surfactant
present in the agent. Expansion ratio and 25 percent drainage time are physical measurements which
determine the quality of the foam produced.

Fire tests were conducted using the 28 {t* (2.6 m*) and 50 {t* (4.6 m*) MIL SPEC test mcthods. Motor
gasoline was used in both tests; n-heptane was also used in the 50 ft* (4.6 m*) test. To make a
preliminary assessment of the FFFP with a nonair-aspirated dischatge device, an ad hoc test was
performed comparing nonair-aspirated agents.

A manufacturer of FFFP products supplied a sample for testing. The two AFFF products used were hoth
6 percent agents qualified under Revision C of the AFFF MIL SPEC. They were obtained from the
Navy supply system,

Test methods followed the MIL SPEC Revision O cniteria, except where n-heptane was substituted as
a test fuel. Complete results are detailed in reference 24 and summarized in appendix B.

The AFFF had higher surface tensions and tower intertacial tensions compared to the FFFP. The FFFP

had & negative spreading coetficient when tested with n-heptane.  No across-the-board correlations
between spreading coelficients and fire control, extinguishment, and burnback resistance were apparent.
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Likewise, there were no dircct correlations between fluorine content and fire performance. Average fire
control, extinguishment, and burnback times were better for the MIL SPEC AFFF agents compared to
the FFFP in all test situations, with greater differences observed when n-heptane was used as the test
fuel in the 50 ft* (4.6 m*) test.

The overall results were in agreement with the results from the FAA tests. The MIL SPEC AFFF had
better fire extinguishment and burnback performance compared to FFFP. No direct correlations between
fire extinguishment and burnback performance and the smail-scale spreading coefficient, tilm and scal,
and expansion and drainage tests were observed. Yet, the film-forming agents formulated to the MIL
SPEC consistently yielded better fire control and burnback performance.

OTHER FIRE TESTS.

In order to asscss the performance differences of FFFP compared to AFFF, a review of existing test data
was performed®. Because FFFP is a relatively new product, there was limited small- and large-scale
test data available compared to the considerable amount of data available for protein, fluoroprotein, and
AFFF | roducts. A detailed description of the literature and test data review is presented in reference 24.

It is extremely difficult to analyze the results from the literature on a one-to-onc basis. Aside from the
problems in relating different fire test methods, a more fundamental problem occurs in distinguishing
individual foam concentrates. [For example, it is widely accepted that AFFF concentrates which are
formulated by a given manufacturer to meet the MIL SPEC may be a different formula than that
submitted by the same manufacturer for UL listing. Furthermore, a manufacturer may have different
formulas for the international market than for the U.S. domestic or military markets. The so-called
"quality" of an agent may aiso be a function of the manufacturers’ primary market. A vendor whose
primary market is AFFF may devotc more resources for different AFFF "blends" to serve different
markets. Alternately, a vendor whose market is derived primarily from fluoroprotein concentrates may
market AFFF only as nceded, e.g., to provide "complete” service.  Rarcly are these differences
distinguished in the literature and available test reports. It is uncommon to find the lot number and date
of manufacture of foam concentrate reported in test dara found in the literature.

These factors explain, in part, the {indings of the literature review. In some cases, the AFFFs are shown
to be generally better than FEFFPs . In other cases, FFFPs are shown to be equal to or even better than
AFFF. The data reviewed in reference 24 clearly show that all AFFFs are "not created equal”, i.c., do
not have the same comurol and fire extinguishing performance. Likewise, the data also show that all
FFFPs are not equal in performance.

An example of the difficulty in assessing data where MIL SPEC or QPL agent is not specificd is evident
in the literature published by the Scieatific Rescarch and Development Branch (SRDB) of the Home
Office of the United Kingdom. They have performed one of the few referencable test series on FFFPY,
The objective was to assess suitable foams for hose reel systems for control and extinguishment of Class
B fires. The agents tested included {luoroprotein, AFFF, and FFFP agents.  Alechol-type FEFP and
ALFF agents were also tested. Gasoline (petrol) fires in a 431 {t* (40 m*) circular fire test area were
extinguished with the hose reel sysiem flowing 26.5 gpm (100 Lpm). The effective application rate was
0.061 gpm/ft (2.5 Lpni/m™). Tests were conducted using aspirated and nonaspirated hose reel nozzles.
After fire extinguishment, burnback tests were performed. The test report provides details on the test
setup, procedure, and equipment. Data from the large-scale tests are summarized in table 15, The data
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show that the AFFF and FFFP agents tested had essentially equivalent fire control and extinguishment
performance. When used with the aspirating nozzle, the FFFP had a greater average burnback time.
The author concludes that all agents tested gave poor performance, both for extinguishment und burnback
resistance, when applied through the nonaspirating device.

i two regards, these tests contradict the massive amount of data in the tests conducted with AFFF: the
extinguishment density required to extinguish hydrocarbon pool fires and the use of nonair-aspirated
AFFF for handline operations. The control extinguishment densities in table 14 are three times the
densities achicved for control large-scale test fires repcrted by FAA (figure 9) and two to three times
the application densities reported in the literature review in the Historical Basis section (appendix C).

The issuc of air aspiration and the apparent advantages on norair-aspirated AFFF were also described
carlier. The authors conclude that, at least for the aspiration issue (which also contradicted earlier SRDB
tests), very low nozzle aspiration (e.g., less than NFPA 412 recommendations) may be the problem. The
issue of the high extinguishing densities remains unanswered. It may be an agent, fuel, or discharge
device issue,

More recently, the Fire Research and Development Group (FRDG) in the United Kingdom performed
comparative foam tests®. The data are summarized in table 16. A 602-ft* (56 m®)-circular fire using
lead-free petrol was extinguished using an air-aspirating nozzle discharging at 60 gpm (225 Lpm). The
application rate was 0.1 gpmv/ft* (4 Lpnvm*). Commercial foums readily available in the United
Kingdom were used, but there was no indication whether the concentrates met any specific performance
test criteria (e.g., a UL-type test). Foams were aiso tested at reduced strength. The average 90 percent
control times (51 s) of the two AFFF products were slightly better than the control times for the FFFP
concentrates (58 and 63 s). In particular, one AFFF product perforimed very poorly when reduced to half
strength. The author has previcusly expressed concern that the proposed ISO/CEN specification would
not distinguish performance differences at reduced concentrations.”’ ‘The author notes that the results
show that large variations in performance can be expected {rom different products of the same foam
type.

CORRELATION BETWEEN SMALL- AND LARGE-3CALE FIRE TEST RESULTS

SMALL-SCALE TEST PARAMETERS AND VARIABLES.

The previous sections described the variation in test mcthods, the results of common small-scale tests,
and the development of aviation foam criteria based on large-scale results. Table 17 outlines the
variables associated with foam performance and testing.  As shown, there are an incredibic number of
variables associated with foam performance. These include factors involving foam bubble stability wnd
fluidity, actual fire test parameters (fuel, nozzle, application rate), and cnvironmental effects. Even the
{fundamental methods of measuring foam performance (knockdown, control, and extinguishment) vary,
For example, Johnson'' reported that FFFP fails the proposed 15O gentle application tests because small
flames persist along a small area of the tray rim. He states that, to get around this inconvenience. the
foam committees have redefined extinction to include flames. Given all of these variations, it is no
wonder that tests and specifications for various foams and international standards have different
requirements. This is reflected in table 18, which compares four key parameters of the MIL SPEC, UL.
ICAQO, and ISO standards. There is no uniform agrecment between test fuel, application rate, the
allowance to move the nozzle, and the extinguishment application density for AFFF. There is a factor
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of six differences between the lowest permitted extinguishment application density (MIL SPEC) and the
highest (ISO). This significant difference is attributed, at least in pait, to the fixed nozzle requirement
in the ISO specification.

D x TABLE 17. VARIABLES ASSOCIATED WITH FOAM PERFORMANCE AND TESTING
-
G . Physical/chemical properties of foam solution

A, Bubble stability

l. Measures
. a. Expansion ratio
b. Drainage ratc
i 2. Variables
-
[ a. Water temperature
e b. Water hardness/salinity
o Water contamination
4 B. Fluidity of foam
N 1. Measures
-
s a. Viscosity
‘71 b. Spreading rate
' c. Film formation
2, Variables
£ .
o s HY Fuel type and temperature

b. Foam bubble stability

C. Compatibility with auxiliary agents
1. Measures  fire and burnback test
2. Variables
A Other foam agents
;o b. Dry chemical agents
A
L D. Effects of Aging

1. Measurcs  fire and burnback test
2, Variable  shelf life of agent
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TABLE 17. VARIABLES ASSOCIATED WITH FOAM PERFORMANCE AND TESTING (continued)

1L Test methods to characterize foam performance
A. Fuel
L. Measures
a. Vapor pressure
b. Flash point
c. Surface tension
d. Temperature
2. Variables
Volatility

eooe

Depth and size
Initial temperature of air and fuel temperature
Time fuel has been burning (e.g., short versus long, and depth of hot laycr)

Foam application method

1.

Measures

Stream rcach
Aspiration of foam

c. Foam stability, e.g., contamination by fuel
d. Water content of foam
e. Proportioning rate
Variables
. Aspiration
(1) Effect on stream reach
(2) Degree to which foam is aspirated and the need to aspirate based
on foam type
b. Fixed versus mobile device
c. Application technique

(1 Indirect, e.g., against backboard or sidewall
(2) Direct




TABLE 17. VARIABLES ASSOCIATED WITH FOAM PERFORMANCE AND TESTING (continued)

11 Test methods to characterize foam performance (continued)

(a) Gentle
(b) Forcetul
() Subsurface injection

d. Application location
(n High — need to penretrate plume
(2) Low
¢ Application rate of foam
f. Wind (as it affects styeam reach)
(1 Crosswind
(2) With and against
8. Effect of reduced or increased concentration due to improper proportioning
C. Fire configuration
1. Measures
a. Fuel burning rate, radiation feedback to fire
b. Propensity for reignition
C. Surface tension
2. Variables
a. Pan/containment geometry
b. Two-dimensional (pool) versus three-dimensional (running fuel/atomized
spray)
c. Presence and temperature of freeboard
d. Wind (as it affects flame tilt and reradiation)

Surface on which there is fuel

(1 Rough
(2) Smooth
(3) Water substrate "peeling” effect of fuel
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TABLE 17. VARIABLES ASSOCIATED WITH FOAM PERFORMANCE AND TESTING (continued)

IL. Test methods to characterize foam performance (continued)
9] Measurement of Results
1. Measures
a. Time to knockdown, control, extinguish, and burnback

Q)] Actual or estimated time by visual observations

(2) Summation values, i.c., summation of control at 10, 20, 30, and 40

seconds .
b. Heat flux during extinguishment and burnback
2. Variables - qualitative and quantitative methods to determine fire knockdown,
extinguishment, and burnback
a. 90 percent control -- measure of ability of foam to quickly control the fire
b. 99 percent (virtual extinguishment) — all but the last {lame or cdge
extinguished
c. Extinguishment - 100 percent
d. Burnback — 25 percent, 50 percent
TABLE 18. EXAMPLES OF EXTINGUISHMENT APPLICATION DENSITIES .
OF VARIOUS TEST STANDARDS
Extinguishment N
Application Rate Nozzle Movement Application Density
Test Standard Fuel (ppm/f? (Lpm/mY)) Permiiited (gal/itt (L/m?)
MIL SPEC motor 004 (1) yes 0033 (1.34) o
gasoline Ny
UL 162 heptane 0.04 (1.6) yes 0.12 (49
ICAQ kerosene 0.06 (2.5 yes (horizontal plance) 0.061 (2.5
ISO ~ heptane 0.06 (2.5 no 0.19  (7.6) _
Forceful .
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No study has been performed to correlate these test methods; given the significant differences in
performance characteristics and requirements, it is unlikely that correlation between these test methods
could be established, even when considering AFFF only. An AFFF that meets the ICAO standard couid
not be said to mcet the MIL SPEC without actual test data. The problem of correlating differences in
small-scale tests was demonstrated by ULY in a comparison of UL, MIL SPEC, OF555 (U.S.
Government protein spec) and United Kingdom test methods. In those tests, differences between
different classes of agents (protein vs. AFFF) and between agents within a class (c.g., AFFF) were
demonstrated. The results of the recent FRDG tests which indicate that all AFFF agents do not have
similar performance characteristics confirm the previous UL findings.

The problem of correlation is compounded when a single test method is used in an attempt to asscss
diffcrent classes of foam, c.g., protein and AFFF. Altempts to usc a single test method are problematic
because of the inherent difference between these foais: protein foams require air aspiration so that the
foam floats on the fuel surface. This stiff, "drier” foam is viscous and does not inherently spread well
without outside forces (¢.g., nozzle stream force). AFFF, because of its tilm formation characteristics,
does not require the degree of aspiration that protein foams require. This heavier, "wetter” foam is
inherently less viscous, which contributes to improved spreading and fluidity on fuel surfaces. This is
related, at least in part, to the degree of aspiration of the foam. A more exact description of foam
aspiration is appropriate. Thomas® has described three levels of foam aspiration: primary aspirated,
seccondary aspirated, and unaspirated. Primary aspirated foam occurs when a foam solution is applied
by means of a special nozzle designed to mix air with the solution within the nozzle. The consequence
is foam bubbles of general uniformity. "Air-aspirated” foam refers to this primary aspirated foani.
Sccondary aspirated foam results when a foam solution is applied using a nozzle which does not mix
air with the solution within the nozzle. Air is, however, drawn into the solution inflight or at impact
at the fire.  Secondary aspirated foam refers to "nonair-aspirated" foam described in this report.
Unaspirated foam occurs when a foam solution does not intake air to form foam bubbles at any stage.
From a practical standpoint, unaspirated foam, even AFFF, is not eifective on hydrocarbon fuel fires,

The correlation between foam solution viscosity and extinguishment timme has been shown by Fiala®, but
the entire foam spreading and extinguishment theory has yet to be demonstrated based on first principles.
Thus, the test standards adopt bench-scale tests which measure a factor of foam fluidity (e.g., spreading
coctficient), but f{ail to recognize the total foam spreading system, including viscous effects.
Fundamental understanding of foam mechanisms would promote the development of small/moderate-
scale test apparatus which potentiaily have greater direct correlation for predicting large-scale results,

The NFPA committee charged with developing foam test criteria for the 1993 Edition of the NFPA 403
standard had to address both of these issues:  the corrclation between small-scale national and
international standards with large-scale results, and the use of a single test method for all foams. The
Aviation Committee had, for some time, recognized the need to provide guidelines or standards for foam
agents. [t had wrestled with the chemical and physical property differences between protein,
{fTuoroprotein, and agucous film-forming foams. The Aviation Committee established an Ad-hoc Task
Group for Foum Test Performance Criteria. Initial suggestions by the members of the task group varied
widely on the direction to pursue. Some recommended adoption or adoption in part of the MIL SPEC,
UL 162, or ICAO methods while others suggested a single standard fire test with different application
rates. The task group was directed by the Aviation Committce to examine ICAO test methods and
philosophies. In particular, they were to examine the concept of using one fire test pan for all tests (i.c.,
all agents) and using different nozzles/flow rates for cach required application density.
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Preliminary tests using this approach were conducted under the direction of Underwriters Laboratorics,
Inc. Tests were conducted using the 50 ft* (4.6 m®) ISO foam fire test pan. AFFF, FPF, and FP foams
were tested using a 30-second, fixed nozzle application. At the end of 30 seconds, manual firefighting
was permiltted. The standard ISO DP 7203 burnback method was used. Initial tesiing with a 2 gpm (7.5
Lpm) application rate for AFFF and 3 gpm (11.4 Lpm) rate for PF and FPF wete not sufficient to
extinguish fires jn 30 scconds. A 3 gpm (11.4 Lpm) rate for AFFF (0.06 gpnv/ft?) did not extinguish
the fire within 60 seconds. Technique was found to be an issue with these tests. The NFPA Committee
concluded the following:

L Any standard or specification must address protein and flucroprotein foams as well as film-
forming foams. In particular, Europe and the United Kingdom usc the protein-based foams for
CFR. 1t is inappropriate to delete protein-based foams from the NFPA aviation standard even
though the {ilm-forming agents appear to offer more effective protection in terms of application
rate requirements,

o

Likewise, it is not appropriate to reduce overall performance, particularly as it relates to AFFFE,
in an ceffort to reconcile all existing or potential international situations. For example, the ICAO
extinguishment application density of 0.061 gal/ft® is 100 percent greater than that required in the
MIL SPEC.

3. The development of a new test method is a lengthy, involved process which requires significant
time and cffort. In the near term, the developiment of a single test method which can be used
to cvaluate all foams is not particularly encouraging. It is improbable th -t a new method offers
a near-term solution,

4, A codified method to judge foam performance is best accomplished by referencing existing test
methods at this time.

5. The MIL SPEC for AFFF and UL 162 (Type 3 application) for protein and fluoroprotein foams
provide near-term methods for establishing guidance/standards.

In a comprouise, the Aviation Committee adopted the SO ft? (4.6 m*) MIL SPEC fire test method for
AFFF and UL 162 method for protein and fluoroprotein foams. Any foum which is used at the lowest
design application rate (0.13 gpnvit® (5.5 Lpnym?)) must pass the MIL SPEC fire test. 1t was recognized
that countries outside North America might want to adopt other standards, e.g., ICAO. The NFPA
committee noted that it was incumbent on the authority having jurisdiction to assure that adopted
methods are consistent with the minimum agent rate/quantities they have adopted.

Given the significant variables in test methods, one might conclude that the small-scale tests bear no
relation to actual CER situations. The next section demonstrates the correlation between the MIL SPEC

fire test methods and large-scale CFR firefighting evolutions.

CORRELATION BETWEEN MIL SPEC FIRE TESTS AND LLARGE-SCALLE FIRES.

A comprehensive review of large-scale five tests was performed as documented in Historical Basis and
Test Results seecuons. In most of the tests cited, the AFFF used was on the MIL SPEC Qualified
Products List or had been submitted for evaluation under the MIL SPEC. A key variable in (he
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corrclation was coatr lled: the AFFF agent, unless specifically noted, met the criteria of \he MIL SPEC.
Some protein foam data are also included.

Appendix C contains the complete set of fire test data. Variables in the assessment included the
following:

L. The application rate — 0.03 - 0.36 gpmv/ft* (1.2 - 14.8 L/m?)

2. Test area — 28 ft2 (2.6 m?) to 16,000 ft? (1500 m?)

3. Fuel — low and high flashpoint

4. Foam aeration — air-aspirating nozzie or nonair-aspirating nozzle

Nincty percent fire control times were used as the most accurate measure of the fire kncckdown
performances, which were reported in all tests. This recognizes the inherent ARFF philosophy that rapid
knockdown of hydrocarbon fuel fires is required in aircraft incidents. The use of 90 percent control
times also eliminates the variability of total extinguishment, which might be dependent on test bed edge
effects or running fuel fire scenarios.

The effects of aspiration and fuels were investigated. While there are data which show that nonair-
aspirated AFFF can be used to achieve more rapid control times (see Historical Basis section), there was
no clear overall trend in the data in table C-1. For purposes of analysis, data for tests using aspirated
or nonair-aspirated nozzles were combined. The effects of fuel differences are shown in figures 2 and
3. For purposcs of this analysis, the low flashpoint fuels (less than 0°C), including gasoline, heptane,
JP-4, Avgas, were used. Insufficient data were available to correlate small- and large-scale data with
the higher flashpoint fuels. The tests compared used the manual application technique ("forceful” in ISO
terms) where nozzle movement was permitted.

Application rate clearly has an effect on control and extinguishment times as demonstrated previously
in figures | through §. This was reconfirmed for the data as shown in figure 10, which includes data
from all sizes of test fires. Control time increases exponentially as application rate decreases,
particularly below 0.10 gpmv/ft? (4.1 Lpm/m?). Variability of the data is shown by the first standard
deviation. This curve is somewhat flatter than the asymptomatic curves shown in the earlier work.

The scaling of small fires with large fires is shown in figures 11 and 12, which relate the time necded
to control the burning fuel surface as a function of fire size. The time needed to control a unit of
burning area (s/ft> or s/m?), designated as the specific control time, is plotted as a function of fire size
on logarithmical scales. For low (0.03 - 0.06 gpm/ft® (1.2 - 2.4 Lpm/m?)) and intermediate (0.07 - 0.10
gpnV/f* (2.8 - 4.1 Lpm/m?)) application rates, the specific control times decrease linearly as a function
of fire area when plotted on log-log scales. Insufficient data were available to establish this correlation
for higher application rates. These data are in agreement with data from Fiala', which also indicate
decreasing specific extinguishment times as a function of burning arca for increasing application rates
of AFFF.  Also, Fiala shows that, for a constant application rate, AFFFs have lower specific
extinguishment times as a function of burning area than those of protein and fluoroprotein foams.
Obviously, this lincar relationship must change at very large areas; otherwise, the specific
control/extinguishment time would go to zero. This is cvidenced in figure |1, where the curve flattens
at the high area end of the plot.
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Figures 11 and 12 show that higher specific control times are required for the specification test fires (28
and 50 ft*) compared to large fires. This is readily apparent as actual control times for the small fircs
are on the same order as results from large fires (table C-1). Figure 11 also shows specific control time
criteria which was originally proposed for the MIL SPEC". This original draft proposal included a
requirement for 85 percent control in 30 seconds for a 400 {t* (37 m") and a 1200 ft? (110 m?) fire.
These requirements were considered redundant based on the small- and larger-scale developmental test
data. They were deleted from the MIL SPEC requirements.

The FAA criteria for Index A-3 (NFPA 403 Category [-10) airports is also shown in figures [1 and 12.
Using the practical critical control area for these airports and the requirement for fire control in 60
seconds, specific control time as a function of arca is shown. The data indicate that specific control
times with MIL SPEC products applied at less than design application rates (i.c., 0.13 gpnvft*) can meet
control times established by NFPA and FAA requirements. The limited data for AFFF and FFFP agents
which do not meet MIL SPEC requirements suggest that these agents may not meet minimum NFPA
and FAA required control times when applied at less than design rates.

From these data, it can be concluded that a scaling relationship exists between MIL SPEC small-scale
fire tests and actual large-scale CFR scenarios. The MIL SPEC tests are more challenging than the
larger tests in terms of time to achieve control, but this challenging test produces an agent that can meet
NFPA and FAA rcquircments at less than the design application rate. The trend of the data suggests that
non-MIL SPEC agent may not provide this same margin of safety.

ADDITIONAL PARAMETERS FOR FOAM SPECIFICATIONS

Fire control, extinguishment, and burnback performance are obviously the most important aspects of
foam quality, There are other important aspects related to fire peformance and overall foam quality.
From a firc performance standpoint, AFFF of one particular vendor should be compatible with that of
another. Both the NFPA and FAA caution against combining agents from different manufacturers
without explicit guidance from the suppliers that this is acceptable. In practical terms, this restricts CFR
users when they purchase new stocks of concentrate. Agents should also demonstrate compatibility with
secondary extinguishing agents, c.g., PKP. It is desirable that a foam specification address these
compatibility issues.

Researchers in the United Kingdom have identified a potential problem of agents proportioned at less
than design concentration, e.g., 3 percent concentration proportioned at I or 2 percent tble 16). In this
case, agents proportioned at less than the design concentration reportedly performed satisfactorily on
small-scale tests, but at least one AFFF performed poorly in large-scale tests.

Other performance criteria are desirable from a quality control standpoint. These include proportioning,
storage, and discharge characteristics (e.g.. concentrate viscosity, pH, correivity), shelf life, and stability.

As described in table 9, the MIL SPEC includes criteria to address these foam parameters. In particular,
there are compatibility and reduced concentrate strength tests 1o assure adequale performance under these
conditions.  Tor example. the fire performance of a MIL SPEC AFFF proportioned at half its design
concentration 1s only permitted a 15-second increase in extinguishment time using the 28 {t* (2.6 m*)
test method.  With this inherent safety factor designed into the agent, there is assurance that a
misproportioned AFFF can still be used to combat a hydrocarbon pool fire. Interagent and PKP




compatibility tests provide assurance that agents, if mixed or used with PKP, will not degrade in
performance. Chemical and physical characteristics tests are required in the MIL SPEC to assure overall
quality control. Taken overall, the requirements of the MIL. SPEC have resulted in the procurement of
agents with superior fire performance, proportioning, storage, and shelf life characteristics. These

requirements have been developed and refined over more than 25 years of field use in military aviation
and shipboard use.

An issue for FAA certification is the need to enforce or enact the entire M1L SPEC or specific criteria
related to fire performance, burnback performance, film formation and sealability, and PKP compatibility.
In particular, salt water and packaging requirements may not be critical to assure adequate foam
performance at FAA certified airports. Some of the packaging requirements involve military logistical
requirements and have no obvious civilian application other than providing adequate container integrity
and identifying MIL SPEC agents by packaging color code. Salt water test requircments may be
applicable if there are situations where brackish water might be used for proportioning foam. .

An issue is whether foam concentrates would be reformulated by suppliers if sclected performance
criteria are specified, ¢.g., 50 ft* fire and burnback test, PKP compatibility, and film formation only
required. Informal discussions with vendors indicate that current MIL SPEC agents may indeed be

i 4 reformulated if performance requirements are relaxed. For example, formulations which require less
B fluorosurfactants may be developed if the half strength test is deleted. Cost savings from reduced
el fluorosui tactant content provide vendors with the impetus to develop such a product, The correlations
¥ e developed over years of experience (e.g., appendix C) may not apply to these formulations. The scaling
| relationships (figures 10 and 11), factor of safety, and overall confidence in the agent would have to be
L reestablished. This would have to be accomplished through a large-scale research project.
i Given the implications of reestablishing the baseline performance, it appears reasonable to maintain the

MIL SPEC in its entirety if it is adopted for FAA certification purposes.

CONCLUSIONS

1. FAA primary foam agent requirements are based on rapid control and extinguishment of a
e hydrocarbon fuel fire. '
-t 2. Large-scale testing was performed to establish minimum AFFF application ratcs and quantitics. 4

" m These rates and quantities, the lowest permitted for all foam agents, were based on tests with

e AFFF agents from the MIL SPEC QPL, or agents in substantial conformance with QPL products.

3 There are a4 wide range of methods and requirements between standard test methods. Differences

: 'fr : are substential even when comparing fundamental measures of foam performance, c.g.,

= extinguishment application density. The MIL SPEC has the most stringent requirements of the

,j! standards and specifications reviewed.
4. Fire control results {rom small-scale MIL SPEC AFFFE tests correlate with large-scale test data,
el 5 Based en the small- to large-scale correlation, agents which meet the MIL SPEC can meet FAA

£ and NFPA criteria at application rates less than the design application rates of 0.13 gpivit (5.5
Lpm/m*). This provides a factor of safety for products used at the lowest {oam agent application
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10.
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rate. The limited data available suggest agents that fail to meet the MIL SPEC criteria may not
provide this same factor of safety.

Given the critical times involved in survivable postcrash fires and the probability that quantities
of agent required to extinguish actual aircraft fires may be greater than those for test fires, the
factor of safety inherent in MIL SPEC agents is entirely appropriate for FAA certification
purposes. The safety factor is nceded to address factors such as the level of training of
firefighting personnel, inaccessibility of shielded fires, initial overuse of foam, three-dimensional
fire scenarios, and difficulties in deployment and control.

While MIL SPEC AFFF has been shown to be a superior firefighting agent, no correlation has
been established between small-scale physical/chemical properties tests and actual fire and
burnback performance,

Many of the performance criteria in the MIL SPEC are relevant to civilian aviation situations,
c.g., interagent compatibility, PKP compatibility, and performance of misproportioned and old
agents.

Modifications in the adoption of MIL SPEC criteria may result in formulations which impact
overall foam quality., This may require reestablishment of the correlation demonstrated between
the small- and large-scale test results.

The proliferation of standard test methods and criteria has not yielded significant benefits in our
understanding of fundamental foam extinguishing mechanisms. Future work should focus on the
usc of first principles to establish fundamental foam extinguishment mechanisms.

RECOMMENDATIONS

The FAA should adopt the MIL SPEC in its entirety as criteria for aceepting toam agents used
at the 0.13 gpnv/ft? (5.5 Lpm/in’) application rate ("AFFF" flow rate category).

Conformance with the UL 162 standard is acceptable for agents used at the higher 0.20 gpm/ft*
(8.2 Lpm/m*) application rate.

The FAA should support researchi and development of bench-scale test methods based on first
principles, which can be used to predict large-scale performance. Optimally, these methods could
be used to predict performance of any foam agent on a hydrocarbon fuel spill fire. They could
also be used to evaluate alternative foam agent formulations at a bench scale.
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Appendix A L

Comparison of the Physical and Chemical Propertics
of Protein-based and Agueous Film-forming Foams
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BACKGROUND

2 i

Attempts have been made to classify foam firefighting agents strictly on their physicochemical
properties. This section documents testing of fundamental foam properties and compares results
with standard fire tests. Except where noted, all tests were cenducted in accordance with
Revision C of the MIL SPEC, MIL-F-24385C.

Variables of foam agents which could influence fire extinguishment and burnback performance
include the following:

. a. Physical/chemical properties of foan solution
' 4% (N Foam bubble stability: Expansion and drainage
" (a)  Water temperature
(b) Water hardness
A «©) Walter contamination, e.g., salt water .
(2) Fluidity
(a) Viscosity of foam solution
- (b) Ability to form a film - spreading cocfficient
(i) Fuel type
(i1) Fuel temperature
-
' b. Test methods/extinguishment
(0 Application method
A (a)  Fixed v. movable nozzle
¥ (b) Aspirating v. nonair-aspirating nozzle
' (i) Stream reach and pushing effect of hose stream !
: (ii) Need to aspirate based on foam
-
¥
___ 1+

() Direct vs. indirect

(1) Gentle
(i1) Plunging
(iii)  Against-the-backboard
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(2) FFuel
(1) Type
(i) Vapor pressure
(ii) Flashpoint
(ii1)  Surface tension

(b) Temperature

(i) Initial
(i1) Preburn time

3) Fire size - - burning rate (effects of variable burning rate at less than | m diameter)

4) Pan configuration

(a) Geometry (square vs. round)
) Freeboard (hot edge cffect)

C. Environment
(n Wind
(a) IFlux to fuel surface

(b) Lffects on foam stream reach
(2) Substrite

(a) Smooth vs, rough
(b) "Peeling” on water substrate

The work described in this appendix is based on work performed by George Geyer of the FAA
based on data presented at the International Conference on Aviation Fire Protection in Interlaken,
Switzerland, 1987, The data were developed in an attempt to distinguish test methods and

criteria for protein-based and film-forming foams,
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DISCUSSION

The firefighting effectiveness of the foam produced by the perfluorinated surfactants is enhanced
by the aqueous {luorocarbon film, which floats on the surface of hydrocarbon fuels as it drains
from the foam blanket. The mechanism whereby the fluorocarbon surfactants function as
cifective vapor securing agents is based upon their effect in reducing the surface tension of water
and of their controllable oleophobic and hydrophilic properties. These propertics provide a means
for controlling the physical properties of water, enabling it to {loat and spread across the surface
of a hydrocarbon fuel even though it is more dense than the substrate. This unique property led
to the term "light water,” which appeared in several of the early military specifications defining
the properties of this class of agents.

According to classical theory™' concerning the spreading of insoluble films on liquid surfaces,
the following equation maintains

where SC = spreading coefficient of the agqueous fluorocarbon solution,
0 = surface tension of the fuel,
w = surface tension of the agueous film, and
i = intertacial tension between fuel and the agueous film.

If the spreading coefticient has a value greater than zero (i.c., positive), the agueous phase can
spread spontaneously upon or "wet" the fuel. A coefticient below zero (ie., negative) indicates
that it cannot spread spontaneously. When the spreading coefficient is zero, the two liquids are
miscible.

Although this cquation is applicable w pure liquids, there is wide variation possible when
agucous fluorocarbon films spread on a hydrocarbon fuel because of the variable oleophobic and
hydrophobic propertics of the fluorocarbon moicties. It is, therefore, appropriate to assess the
interrelationship between firefighting effectiveness and the surface activity of the aqueous films
produced by AFFE agents.

Tue physical modifications of protein hydrolyzates, which may be accomplished by the addition
of fluorocarbon surfactants, is summarized in figure 6 in the main twext.  Iu this diagram,
fluoroprotein foams and aqueous film-forming fluoroprotein foams are indicated as lying in a
variable position between protein foam on the left and agueous filim-forming foam on the right.
I small quantities of suitable fluorocarbon surfactants are added to protein hydrolyzates, the
resulting product may produce foam, which demonstrates good stability toward dry chemical
powder, with improved oleophobicity and greater burnback resistance to aireraft fuels. If larger
quantities of suitable fluorocarbons are incorporated into the basic protein hydrolyzate. the surface
tension of the solution, which drains from the foam, may be lowered to a value which permits
it to spread spontancously across the surface of hquid hydrocarbon fuels. Under these conditions.
the genceric term, "fluoroprotein foam," would stitl apply, but the physical properties of the foam
would approach or equal those of the aqueous film-forming foams. Foam liguid concentrates ot
this type are classified as {ilm-forming fluoroprotein foams.

A




PHYSICAL AND CHEMICAL PROPERTIES OF FOAM AGENTS.

The chemical composition of 24 agents evaluated under this project is presented in tables A-1
and A-2, Table A-1 provides the composition of the purely synthetic aqueous film-forming
foams while table A-2 presents the composition of those concentrates which are comprised either
wholly or partially of a protein hydrolyzate.

Tests to identify these properties were conducted in accordance with the MIL SPEC. The
importance of these properties is described in table 9 of the main text. For example, chloride
content is intended to be an indicator of corrosion poteatial to proportioning system pumps and
cquipment. Fluorine content is used in the MIL. SPRC as a quality control indicator for each
qualified agent. Refractive index is used as a methud (o determining proportioning accurately.

CORROSIVITY OF FOAM AGENTS.

There has recently been concern related (o the corrosivity of foam agents when discharged on
metal (aircraft) surfaces. The total quantity of halide permitted in the Type 3 percent and Type
0 pereent aqueous film-{forming foams in the MIL SPEC are 500 parts per million (ppm) and 230
ppm, respectively, when tested in accordance with ASTM D1821. However, other foam agents
neot manufactured in accordance with the military specification were found to contain very large
yuantitics of halide salts.  As a result, tests were conducted to determine the corrosive rate of
seven foam firefighting agents against three common construction naterials:  cold rolled low
carbon steel (UNS G101100), aluminum (1061), and stainless steel (304). The maximum
permissible corrosion rate of a foam liquid concentrate exposed to steel (UNS G10100) under
MIL-1-24385C is 1.6 milli-inches/year, but there are no maximum rates specified for aluminum
or stainless steel.

The results of the corrosion tests with seven foam agents and three construction metals are
summarized in table A-3 and plotted in figure A-1. The metal corrosion rates are the averages
of five individual tests performed with cach foam liquid and metal combination.

The corrosive rate on the cold rolled steel coupons produced by the seven foam agents is plotted
in figure A-1 along with their respective halide concenwrations.  An analysis of these data shows
that the halide content of the synthetic-type AFFF agents is relatively low (i.e., from 13.9 to
1,285 mg/L.) and that the corrosive rate is not proportional to the halide content. This result was
uncxpected and may invoive the common ion effect in suppressing corrosicn of the metal.
However, the corrosion rate of the steel coupons was not proportional to the halide content (i.e.,
from 12,589 to 65,281 mg/L) of those foum agents which contain protein.

Although the halide content of the seven foam agents varied widely (i.e., {rom 13.9 to 65,281
mg/l.), none exceeded the maximum allowable corrosion rate of 1.5 miilli-inches/year specified
in MIL-1'-24385C for steel.
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RELATIONSHIPS BETWEEN SPREADING COEFFICIENT, FLUORINE CONTENT,
AND FIRE PERFORMANCE.

Film-forming foams produce a stable aqueous fluorocarbon film on the surface of hydrocarbon
fuels. The ability to torm a {ilm. as indicated by a positive spreading coetficient. is dependent
on the foam agent, the test fuel, and the fuel temperature. Bascline data tor spreading
coefficients, based on the MIL SPEC test criteria (ASTM D1331) with cyclohexane as the test
fuel, is shown in tables 10 and 11 of the main report. Protein foams do not form a tilm and have
a negative spreading coefficient.  For example. Angus Nicerol 3%, a protein foam, has a
spreading coefficient of  30.63. Angus FP 70 3% and National XL3 3%, both fluoroprotcin
foams, have spreading coefficients of -12.69 and - 12,44, respectively, on cyclohexane. These
foams must be highly cxpanded so that they float on the fuel surface, i.c.. have 4 density less
than the [uel.  As noted in the main report, there is no l:1 correlation between spreading
coefficient and fire extinguishment and burnback time when cyclohexane is used as the test fuel.

EFFECTS OF TEST FUEL ON SPREADING COEFFICIENT.

Experiments were conducted to determine the etfect of differences in the values of the spreading
coefficient using various tesi fuel types. Six aqueous film-torming foam agents, none of which
were MIL SPEC products, were used in the comparison.

The profiles presented in figure A-2 show the spreading coefficient tor the six different aqueous
Yilm-forming foams when tested against n-heptane, cyclohexane, und Avgas.

The surface tension of the test fuels show that n-heptane (19.11 dynes/cm) and Avgas (19.20
dynes/cm) have almost identical values while that for cyclobexane (22.75 dynes/em) is
significantly higher. The spreading coefficient data for six AFFF agents with cyclohexanc
indicate that four agents (Angus Alcoscal, 3M FC600, Angus Petroseal, and 3M FC201) failed
to meet the minimum requirement of +3 under MIL-I-24385C while two agents (National Aer-O-
Film, and Angus Tridol 3%) c¢xceeded the minimum requirement. The spreading coefficient of
the same agents evaluated against n-heptane and Aveas showed that only two had positive values
(National Aer-O-Film and Angus Tridol) while the remaining four (Angus Alcoseal, Angus
Petroscal, 3M FC 600, and 3M FC 201) had negative spreading coeflicient values.

Each of the six aqueous film-forming toam agents was tested for fire performance employing the
S0 1 (4.6 m) fire test procedure under MIL-F-24385C using n-heptane, Avgas, and motor
gasoline as the test tuels, The maximum fire extinguishing time for this procedure. using motor
gasoline (VV-G-1690) 1s 50 scconds using the standard 2 gpm (7.6 Lpm) nozzle.

The data shown, in figure A-3. shows that there is no direct correlation between the value of the
spreading coefficient and the time to extinguish the n-heptane and Avgas fires using Angus
Alcoseal, Angus Petroseal. 3M FC 600, and National Aer-O-Film. Although Angus Alcoseal and
Angus Petroseal both have negative spreading cocfficients with these fucls. they were able to
extinguish the n-heptane and Avgas tires within 50 to 70 seconds. The 3M FC 600 agent, which
also has a negative spreading coetficient with these fuels. extinguished these fires in less than
40 seconds,  However, National Aer-O-Film, which has a small posiive spreading coctticient
with n-hieptane and Avgas, required between 60 and 70 seconds for extinguishment,

A-10




ST90d LSTL FIHL NO SINAOVY WVOd ONIWNYOA-IWTId 404 SINAIDIIAF0D ONIOVIEAS TV IJYNDId
jopul jeasoilad
%E uHy-o0-iay %¢E jBasod|y
102-04 Kt snbuy [euonenN 00904 Wt snbuy snbuy
| I | ! i | ] 9-
Al 14 g€1/00) SVOAY @
§22Z JUBXIYOPAD [3]
116l suepiday-u ® L -
(1Uojs3auAp) UuoISuU3] adeung jangd @
L. Z-
v
sucqiesosphy uo
Witj wuod JoN 1M 0
suoque20ipAH uo
wily e2L0J HIM
ied & _ z
UBXIYOJILD e
(298c¥Z-31IN)
- v
ssed
— 9
- 8

jualLyjan) buipeasdg

)

b

»-\}"

A-11




1SAL FAId LoOod TIVNOS 08
DS8EPT-4-TIW HL ONISN IDNVINICAYAd ¥4 40 AdA L 1414 40 103443 €V TdNOI

sjuaby weo4
joptL [wasonag
%t ugij-o-1ay %< X3S0y
10Z-04 NS snbuy [euorieN 00824 NC snbuy snBuy
i ! ! ] ! ] ! 0
O ~ —- 02
~N \\\ ///
~ \\ TN m_
o N TS -
h & m\ NP Q
llllll - -0y £
7]
- 4 o g
|||||||||||| T T T 3
eswil m
Bujysinbupx3 09 ~
winwyxep =
3
)
w
- 08 &
©
=
Q.
A
0£1/003 SYOAY w7 | - 001
still] jonuo) angd — - (0624-9-AA) sulosen oo [
swt{ BusysinBupxz asy —— suelda-u
edX} 1enj

- =02}

A-12




i

§

From the results from these experiments, it is speculated that the spreading coefficient, which was
developed by W.D. Harkins*' for pure liquid systems, does not apply in all cases to complex
aqueous fluorocarbon systems. The oleophobicity demonstrated by the aqueous film-forming
foams may be responsiblz, in part, for the fire extinguishing effectiveness of those agents which
demonstrate a negative spreading coefficient on some test fuels.

SPREADING RATES OF AQUEOUS FLUOROCARBON FILMS ON JET A FUEL.

In the previous section, it was demonstrated that spreading coefficient alone was not a reliable
indicator of fire extinguishing performance. It is believed that the extinguishing effectiveness
of the film-forming foams is attributable, at least in part, to the fluidity of the foam solution on
the fuel surface. The rate of spread and the stability of the aqueous film is a contributing factor
in the rapid control/extinguishment characteristics of these agents on hydrocarbon fuel fires.

The FFFP concentrates contain a protein hydrolyzate as the foam stabilizer while the AFFF
concentrates employ a water soluble polymer as the foam stabilizing agent. The protein
derivative in the FFFP formulation tends to produce a more viscous and slower draining foam
than the synthetic polymer in the AFFF composition. A knowledge of the relative film spreading
rate of each aqueous film-forming composition may be of value in understanding the fire
extinguishing characteristics of these agents.

A laboratory apparatus was developed for measuring the spreading rates of aqueous films on
aviation fuels. This apparatus and the test procedure is described in reference A2. The film
spread rate is determining by discharging four milliliters (mL) of foam solution down an inclined
trough onto a pan with Jet A fuel. The foam solution is discharged at a uniform rate of 0.10

mL/s. The distance traveled by the contiguous aqueous film is recorded at appropriate time
intervals.

The film spread rates obtained for the AFFF and FFFP agents on Jet A fuel are summarized in
table A-4. The total distance traveled by the aqueous fluorocarbon films down the length of the
trough, belore lensing and breakup of the film occurred. was approximately 90 centimeters for
both the AFFF and FFFP agents. Although the data do not correlate directly with the spreading
coctlicient of the agents with cyclohexane (different fuel), the magnitude of differences between
the AFFF and FFFP spreading rates do correlate with the extinguishment data in tables 10 and
11. The spreading rate of AFFF is approximately double that of the FFFPs. The control and
extinguishment times of these AFFFs were roughly 30 to 50 percent less than that of the FFFPs
using the 50 ft* (4.6 m*) MIL SPEC ftire test.

FIRE PERFORMANCE AS A FUNCTION OF SPREADING COEFFICIENT AND
FLUORINE CONTENT.

Because of the wide variation in the composition of the aqueous film-forming foam agents
currently being manufactured, a comparison of agent fluorine content of the film-forming agents

was conducted. FFigure A-4 shows the value of the spreading coefficient (SC) as a function of

the agent’s fluorine content. The minimum value of the SC under Military Specification MIL-F-
24385C 1s +3, accordingly the dashed horizontal line (figure A-4) separates those agents which
imcet the requirement from those which do not.
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TABLE A-4. RELATIVE FILLM SPREAD RATES OF THE FILM FORMING
AGENTS ON JET A FUEL

Agent Type Film Spread Rate (cm/s)
FFFP Angus Petroscal 3% 0.85
FFI'P Angus Petroscal 6% 0.95
AFFF Angus Tridol 6% 2.29
AFFF NFS Aer-O-Water 6% 222

Tables 10 and 11 presented the fire performance for each AFFF agent shown in figurc A-4 using
the 50 {t* (4.6 m’) fire conducted in accordance with MIL-F-24385C. Of the 18 agents tested,
only eight met all of the fire test requirements of the military specification. Of the 18 agents
analyzed, five had a SC below three while 12 hud an SC greater than three, and one agent was
considered "borderline” with an SC value of 3.01. Of the 13 agents which demonstrated an SC
above threc, only five passed all of the requirements of MIL-F-24385C while three of five agents
with SCs below three passed all of the fire test requirements of the military specification. It can
be concluded that spreading coefficient alone is not a reliable indicator of fire and burnback
performance. There is also no correlation of the fluorine content with the spreading coetficient.
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INTRODUCTION
Bench-scale, 28 ft* (2.6 m*) and S0 ft? (4.6 m?) tests were performed by NRL in accordance with
Revision C of the MIL SPLC. Two AFFF agents were tested, both 6 percent products from the
QPL. A commercial 6 percent FEFP product was also tested. The following is a summary of
testing from the Naval Research Laboratory. For complete details and analysis, sce reference 24.

EQUIPMENT AND PROCEDURLES

SPREADING COEFFICIENTS.

Reagent grade cyclohexane and 99 percent pure n-heptane were used as the reference fuels.
Surface tension and intecfacial tension were measured in accordance with ASTM D-1331,
"Standard Test Methods for Surface and Interfacial Tension of Solutions of Surface-Active
Agents." A du Nouy tensiometer, having a torsion balance with a 4- or 6-cm circumierence
platinum-iridium ring, was lowered into the liquid and slowly pulled out until the liquid detached
from the ring’s surface. The force recorded at the point where this sepacation occurred was
recorded as the surface teasion (dynes/cm) of the pure liquid.  Similarly, the interfucial tension
was the measurement of tension when the ring was pulled through the boundary layer between
two liquids.

FILM FORMATION AND SEALABILITY.

Two methods were used to measure the filin formation and sealability of foams.  The first
method, in accordance with Revision C of the MIL SPEC, used a measured amount of expanded
foam applied over a fuel bed of cyclohexane in a 1000 mL beaker. An inverted steel mesh cone
was inserted in the cylinder to push away the foam from the fuel surtace. Residual foam was
cleared from the fuel surface in the ceater of the cone, and fizm producing liguid was allowed
to seep through the mesh cone. After one minute, a pilot {lame was passed over the fuel surface
at a height of 0.5 in. (1.27 e¢m). The test method permits a small flash, but no sustained ignition
ol the fuel may result,

The second method used involved a flat-head wood screw placed in a petri dish filled with n-
heptane.  Using a microsyringe, a measured amount of unexpanded foam solution was applied
to the tip of the screw at a rate of one droplet per second. Two minutes after the initiation of
solution application, a pilot flame was passed over the fuel surface at a height of 0.5 in. (1.27
cm). The pass/taii criteria was the same as the Revision C criteria,

EXPANSION AND DRAINAGE.

The tests were conducted in accordance with the method outlined in the MIL SPEC, which iy
similar to Method A in NFPA 412, A 2 gpm (7.6 Lpm) nozzle was utilized to discharge
expanded foam onto an inclined backboard. From the backboard, the foam was collected in 1000
mL graduated cylinders,  After the cylinders were filled, they were removed and a timier was
statied.  The cylinder was then cleaned off and weighed, and the total volume of solution
collected in the cylinder was calculated (where | mbL solution =1 g solution).
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The expansion ratio was determined using the following equation:

ER - 1000 (B1)
Wsaln
where E.R. = ¢xpansion ratio, and
W = weight of solution in cylinder (g).

The 25 percent drainage time is the time for 25 percent of the total liyuid to drain from the foam
sample. The 25 percent drainage volume was determined by using the weight of the solution in
the cylinder (W, above). The 25 percent drainage time was recorded when the liquid level in
the sample reached the 25 percent drainage volume. Expansion ratio and drainage time tests
were conducted with both fresh and simulated sea water solutions.

FLUORINE CONTENT.

Fluorine content was determined using the ion analyzer method desceribed in the MIL SPEC.

MIL SPEC FIRE TESTS.

Fire tests were performed with the foam agents in accordance with MIL-F-24385. For the 28 ft*
(2.6 M) tests, Revision C was used. Motor gasoline in accordance with Federal Specification
VV-G-1690 was used and the fresh water foam was discharged through an air aspirating nozzle
ata rate of 2 gpm (7.6 Lpm). This resulted in an application rate of 0.071 gpav/ft® (2.9 Lpnvm?®).

In repocting the 28 {12 (2.6 m?) fire test results, two nonstandard methods of determining fire
knockdown were used. Both methods use the radiometer setup described for the 28 {t? (2.6 m?)
test in the proposed Revision D of the MIL SPEC.  Radiant heat {lux measurements were
recorded at the 10-, 15-, 20- and 25-second time intervals.  The reduction in heat flux was
caleulated by dividing the flux level at cach time interval by the peak flux level at the time agent
application was begun, This ratio was then converted to a "percent extinguished” value. The
25-second summation is the sumn of these percentage values for all four time intervals.

The 90 percent control time is the time at which the radiant flux was reduced to a level which
corresponds 1o a 90 percent decrease in fire area. The method of calculation is similar to that
used to determine the 25 s summation value, except that the calculations are performed for all
data points starting at the start of agent application. A detailed description of these estimating
techniques is contained in reference 24.

The burnback resistance for the 28 {1* (2.6 m®) test is described by the 15 percent burnback time.
This time was also calculated {rom radiometer data collected during the test. It is based on a 300
percent increase in flux level over an initial background level. The initial background flux level
is determined by averaging the values recorded for the time period 1 to 3 min after the burnback
pan was lit. As the test progressed, the flux level was continually checked. When the flux level

B-3




reached a value that was 300 percent greater than the initial background value, the time was
recorded as the 15 percent burnback time.

The 30-ft* (4.6 m?) fire tests were performed in accordance with Revision C of the MIL SPEC.
Scawater foam solutions were discharged through the 2-gpm (7.6 Lpm) nozzle on motor gasoline
and n-heptane fires, The resulting application rate was 0.04 gpm/ft* (1.6 Lpm/®). The 40
second summation was the sum of the percent fire area extinguished at 10, 20, 30 and 40 seconds
after the initiation of firefighting. Twenty-five percent burnback time was recorded as the time
when 25 percent of the test area was reinvolved in fire after the burnback pan was placed in the
pool.

NONAIR-ASPIRATED NOZZLE TEST.

The aonair-aspirated test was performed using a 50-ft* (4.6 m®) n-heptane pool fire. A nonair-
aspirating spray nozzle, Grinnell Model D4A, was modified with an orifice plate to flow 5.5 gpm
{20.8 Lom). This resulted in an application rate of 0.11 gpm/ft* (4.6 Lpm/m*). This nozzle is
normally used as a fixed water spray nozzle. The expansion and drainage characteristics were
determined using the test method described in the MIL SPEC, substituting the D4A nozzle
flowing 5.5 gpm (20.8 Lpm) for the MIL SPEC 2-gpm (7.6 Lpm) nozzle. The 50-ft’ (4.6 m%)
Jire was attacked manually by a firefighter. The attack was aggressive until approximately 90
percent control was achieved. At that time, the nozzle was backed off so that there was a gentler
application. The [(ire was totally extinguished by allowing the foam to spread and fill in the
re;naining fire area with no direct appiication to the flaming area, The subsequent burnback test
foliowed the 50-ft (4.6 m*) MIL SPEC test procedure. Agent application time totalled 90 s.

RESULTS AND ANALYSIS

SPREADING COEFFICIENTS,

The values for surface tension. interfacial tension, and spreading cocfficient are presented in table
B-1  The AFFF had a higher surface -.nsion and a lower interfacial tension, compared to the
FEFC. The commercial FFFP had u negative spreading coefficient when tested with n-heptane.
No across-the-board correlations betw. een spreading coefficients, fire control, extinguishment, and
burnback resistance are apparent. As suzh, the spreading coctficient data alone cannot be used
s relative predictors of {ire performence.

FlLid FORM AL TON AND SEALABILITY TESTS.

The resualts of the Film Formation and Sealability tests are presented in table B-2. For both
procegures, an agent was considered to have passed if the pilot flame could be misved one time
slewly from one side of the Jish or container to the otner and then back again, without producing
sustained ignition. I igeilion did not oceur, the flame passage over the fuel surface was
continued 4-5 tinues or until ignition necurred.




TABLE B-1. SPREADING COEFFICIENTS

Surtace Tension Intertacial Tension
Agent (dynes/cm) (dynes/em) Spreading Coetficient

with cyclohexane

MIL SPEC AFFF #2 17.45 1.80 540

Commercial FFFP 16.71 5.42 252
with n-heptane

MIL SPEC AFFF #2 17.45 2.16 0.04

Commercial FFFP 16.71 5.5 2.57
FFuels

Cyclohexane 24.65

n-heptanc 19.65

TABLE B-2. RESULTS OF FILM FORMATION AND SEALABILITY TESTS

Number of Passes with
Agent Test Fuel Results Flame to Ignite
MIL SPEC 6% AFFY #2 n-heptane passcd 2
Cyclohexane passed NI
Commercial FFFP n-heptane failed <l
Cyclohexane passed NI

NI = sustained ignition did not occur after 4-5 passes of the flame,

In tests conducted in accordance with the Revision C test procedure, all of the ugents passed.
In no case was ignition sustained with 4.5 passes of the flame. This was expected since the
spreading coetficients of all the agents on cyclobexane were significantly positive (all »2.5).

This clearly demonstrates the ability of the agents to produce a film (on c¢yclohexane) from

solution draining out of the expanded foam blanket, an important charactenistic if the foam
blanket 15 disturbed.

{n the n-heptane test, the spreading coetficient of the commercial FFFP was negative ¢ 2.67).
The FEFP did not pass the maodified film and seal test using n-heptane film and scal test.

EXPANSION RATIO AND DRAINAGE TIME.

The expansion ratio and 25 percent dramage time values are used (o characterize the quality of
the toam produced. The expansion ratio 1s a measure of the solution’s ability to form a stable
bubble structure from entrained air. Drainage time is o measure ot how durable the bubble
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structure is and the rate at which solution is being released from thc bubbles. These values
obtained in expansion and drainage testing for a given agent are dependent on the discharge
device, collection method, temperature of the agent, type of water used to mix the solution, and
the configuration of the collection container.

The results of the expansion ratio and 25 percent drainage time tests are presented in table B-3.
Data are given for both fresh water and simulated sea water solutions. Drainage time is
important to burmback resistance since it is the foam blanket which supplies the film forming
solution to the fuel surface, If the foam blanket breaks down too quickly, then the film is
exposed to the reignition source and evaporates. The relative rankings of the agents based on
fresh water 25 percent drainage times and 28 ft* fire burnback test results correspond with one
another,

TABLE B-3. EXPANSION AND DRAINAGE TEST RESULTS FOR FRESH
AND SALT WATER SOLUTIONS

Fresh Water Scawater
Expansion Ratio 25% Drainage Expansion Ratio 25% Drainage
Agent ¢n Time (s) N Time (s)
MIL SPEC AFFF
MIL SPEC #1 7.5 288 7.5 238
7.8 281 7.5 =48
7.7 301 8.2 301
7.7 253 8.5 270
7.7 205 -- -
18 283 = =
Averages 7.7 278.5 7.9 270.0
MIL SPEC #2 7.4 271 7.2 251
7.7 280 7.1 269
7.7 255 7.7 211
7.4 288 7.8 245
8.2 242 -- -
84 266 - -
Averages 7.8 267.0 7.5 244.0
FFFP
Commercial FFFP 7.4 283 7.2 254
6.6 249 72 257
7.0 236 7.1 264
12 214 6.6 257
Averages 7.1 245.5 7.0 258.0
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FLUORINE CONTENT.

The intent of the requirement in the MIL SPEC to report fluorine content is to provide a quality
control measurement for purchasing purposes. There is currently no minimum fluorine content
requirement contained in the MIL SPEC. The fluorine content of a product is determined at the
time of qualification, and is then ‘“hecked for each lot to be purchased. The type of
fluorosurfactant will impact on fire test results as significantly as the amount will. Table B-4
reports the results of fluorine content. It can be seen that there is no direct correlation between
fluorine content and extinguishment performance or burnback resistance. This is in agreement
with the {indings by the FAA.

TABLE B-4. FLUORINE CONTENT OF AFFF AND FFFP

Fluorine Content by Weight Agent Description
0.11 6% FFFP. Commercial FFFP, purchased in 1989
0.61 MIL SPEC Agent #1. Date of Manufacturer: 5/1985, Lot 557
0.42 MIL SPEC Agent #2, Date of Manufacture: 10/1988, Lot X18044

MIL SPEC FIRE TESTS.

Fire test results are reported in tables B-5 and B-6. Extinguishment application density, which
normalizes the results by eliminating the time clement, is used for comparative purposes. The
data show that acress the board the average 90 percent control, 100 percent extinguishment, and
25 percent burnback times for the MIL SPEC agents are superior to the commercially available
FFFP agent tested. The knockdown times, represented by 90 percent control and the 25- and 40-
second summation values, are relatively close. In the 28 {t* (4.6 m*) and 50 ft* (2.6 m?) n-
heptane tests, the relatively small absolute differences in 100 percent extinguishment times (9-15
seconds) result in large (31 percent) differences in extinguishment application densities. The
burnback performance of the AFFFs in the 50 {t* (2.6 m*) and 50 ft* (4.6 m’) n-heptane test
scries cxceed the FFFP by 17-30 percent. These data are consistent with the previously
unreported NRL data (reference 24) and the FAA daia.

NON-ASPIRATED NOZZLE TEST.

The results of the aonaspirated test are shown in table B-7. The test was found to be a very
challenging lire, partizularly in terms of total extinguishment. With both AFFF and FFFP, there
were test runs where the fire was not totally extinguished after 90 scconds of agent application.

In the tests where total extinguishment was achieved, the data show that knockdown times, as
indicated by the 40 s summation value, are nearly the same, and that the AFFF had a better
extinguishment time. With the FFFP. the fire was not extinguished until the agent was shut off
and the foam sealed the remaining fire, AFFF again showed better burnback resistance. These
tests showed that FIFFP can be used through a nonair-aspirated discharge device to extinguish a
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o hydrocarbon pool fire. Again, MIL SPEC AFFF was superior in terms of fire control,
" d extinguishment, and burnback resistance.
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Appendix C

Smuall- and Large-scale Test Data
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